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Abstract 
Abstract 
This thesis describes the research undertaken to characterise abandoned mines in terms 
of permeability levels within an emission zone representative of post-mining conditions 
to model the rate of methane extraction using numerical tools. 
First, in order to create a general understanding about the flow regimes and pressure 
behaviour in abandoned mines during gas extraction a simple conceptual model was 
developed upon improvement of the pseudo-empirical void-resistance models currently 
employed by abandoned coal mine methane operators. The new model proposed a 
methodology to estimate the average residual gas strata pressure and residual mine void 
from extraction records. Upon validation the model identified the source of methane 
within an emission zone strata at nearly atmospheric conditions for leaky mines. 
Coal permeability zones around longwall faces are known from coal mining methane 
prediction methods to determine the rate of methane, discharge into operating coal 
mines. However, no reference to the extent, and permeability conditions, of the emission 
zone in abandoned coal mines has been made in the literature. 
A methodology to estimate the strata permeability levels around longwall panels was 
defined from previous laboratory studies on the permeability variation under different 
mining stress conditions. Numerical simulation results produced residual gas content 
profiles around longwall faces that were in agreement with empirical gas emission 
curves extensively used in methane prediction methods in different countries in Europe. 
The methodology defined to characterise the permeability conditions of coal and coal 
measure strata around longwall panels provided the foundation for the development of a 
new gas emission zone model incorporating the effect of multi seam mining in 
abandoned coal mines site. This approach was validated using METSIM, a modified 
CBM simulator to represent the 3-D models of Santa Barbara-Frankenholz abandoned 
coal mine in Germany and at the Bevercotes abandoned coal mine in the UK. The 
modelling results predicted the rates of methane production at the mine sites and 
provided reservoir information on gas reserve and pressure distributions. 
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Chapter 1 Introduction and Objectives 
Chapter 1 	Introduction and Objectives 
1.1 Introduction 
Coal has been used as an early source of heat for thousands of years; however, it was the 
energy requirements of the industrial revolution that expanded the coal mining industry 
into increasing production capabilities worldwide. First, coal fuelled the iron industry in 
the mid eighteenth century, then the steel mill industry of the nineteen century, and 
since, due to the energy consumption in an ever more industrialised society, it has 
supported the electric power plants of the twentieth century, and still today, coal is the 
most utilised resource to produce electricity. 
The environmental impacts associated with coal extraction and mine closures have 
different degrees of severity depending on the geological conditions, coal 
characteristics, mining method, depth and physical parameters of the workings. Some of 
the most prominent effects that may be associated with coalmine closures are 
subsidence, mine gas emissions, spontaneous combustion, and deterioration of the 
groundwater quality. Coal mining is associated with hazardous gases, particularly with 
methane; therefore, different measures are put in place to prevent gas emissions from 
operating mines. Methane released during mining is either drained away or diluted into 
the mine ventilation system. However, when a mine is abandoned, methane stored in the 
remaining coal and gas bearing strata flows into the residual mine void creating an 
artificial gas reservoir. 
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In the absence of post-mining measures, such as drainage or artificial flooding, gases 
might build up in the remaining void to pressures higher than atmospheric. Despite mine 
sealing efforts during abandonment, gas discharges from the mine into the atmosphere 
are common due to the spatial nature of mine workings, interconnectivity of collieries 
and the extensive presence of artificial and natural flow paths between the underground 
and the surface. 
Historically, little attention has been given to the prevention of methane discharges from 
abandoned mines to the atmosphere. However, this situation progressively changed due 
to safety and environmental concerns. 
Environmentally, methane is regarded as a very potent greenhouse gas, around 23 times 
more potent than carbon dioxide. However, due to its short residence time in the 
atmosphere (8 to 12 years, about 5 percent that of carbon dioxide) control of methane 
emissions have significant short-term benefits on the reduction of greenhouse gases in 
the atmosphere (U.S. EPA, 2004). 
Dry or partially flooded abandoned mines present an environmental hazard as they will 
continue to emit methane to the atmosphere at rates dependant on the amount of coal 
left in the mine and the gas content of coal and other strata above the water level. 
Sealing measures to prevent surface discharges into the atmosphere generally do not 
stop mine gas emission taking place through permeable or fractured strata, geological 
faults or faulty seals as most seals are known to leak (Cote, 2000). Other measures 
available to control methane emissions from abandoned mines are flaring and the 
extraction of gas for electricity generation or for injection into the natural gas grid. 
Therefore, the benefit of methane extraction from abandoned mines is twofold; firstly to 
generate energy from a low-polluting source and secondly to limit the emission of a 
greenhouse gas into the atmosphere. 
Over the past 50 years, there has been a significant reduction in coal mining activity in 
most Western European countries. Complete closure of the coal industries in the 
Netherlands and Belgium has been followed by progressive size reductions in Germany, 
the UK and Spain (Younger, 1993). In April 2004, France closed its last coal mine 
operation (Etext, 2005). 
2 
Chapter 1 Introduction and Objectives 
In the US it is estimated that at least 7,500 underground coalmines have been abandoned 
in the U.S. since 1970 (MSHA, 1999). The UK has some 900 abandoned coal mines 
some of which (around 400) are leaking methane into the atmosphere which represents 
approximately 0.17% of the total greenhouse gas emissions (DTI, 2004). 
Commercial Abandoned Mine Methane (AMM) extraction and utilisation scheme, 
predominantly aim to generate electricity or provide fuel to industrial customers. These 
are operating in the UK, Germany, France, Czech Republic and the USA. China has 
shown interest in the technology available to AMM operators and several plants are 
being constructed. 
In the UK, it is estimated that 52kt of methane are emitted annually from abandoned 
mine sites of which 31kt of methane emissions are already captured and used by the 
Coal Mine Methane (CMM) industry (DTI, 2004). 
1.2 Objectives 
Planning of methane extraction from abandoned coal mines is done with a certain level 
of uncertainty due to the complex nature of the mining process, geological conditions, 
coal seam distribution, residual gas content and pressure, and strata disturbance 
associated with mining activities. 
To date, three techniques have been applied to understand and predict methane release 
and flow processes and pressure regimes in the working and abandoned coal mines: 
- void-resistance model 
- degree of gas emission models used in operating mines 
numerical simulation models 
Based on a simple conceptual approach, the void-resistance model can be used to 
estimate the overall pressure regime, gas flow and residual mine void volume of any 
abandoned mine from gas pressure and production records. However, the model is 
limited in its capabilities and can not be used as a prediction tool in the planning stages 
to assess the viability/profitability of an abandoned coal mine as a gas reservoir. 
Furthermore the estimation of the mine model parameters is conducted empirically by a 
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history matching process, which requires a period of production prior to modelling. It is 
believed that, in order to address the limitations of the void-resistance model, more 
research is needed to establish a general model which presents a methodology to 
estimate the pressure regime and gas flow conditions in the reservoir. 
In the past, different empirical methane prediction models around working longwall 
faces were developed in different coal mining countries of Europe. These models are 
based on empirical gas emission curves which represent the degree of gas emission 
within an area of disturbance, i.e. the enhanced permeability zone, around a working 
longwall face. The rate of methane flow around a working longwall face depends on the 
permeability and gas content of coal and coal measures rocks in the vicinity of the 
workings. The permeability of the strata within the emission zone depends on the 
different stress regimes experienced during mining. On a coal field basis, these models 
have been highly successful within the coal mining industry. However, rather than 
formulating an appropriate characterisation of the stress-permeability conditions around 
the longwall panel, these models rely upon empirical relationships developed through 
long term field observations and measurements which are coalfield specific and do not 
represent the reservoir properties that govern gas emission and flow. 
The extent of the gas emission zone around a working longwall face varies from one 
coal basin to another as the shape of this zone depends on the local geological and coal 
measure rock strata properties. The shape and extension of the emission zone is 
controlled by the height and width of the mined longwall panel and emissions within the 
workings are expected to come primarily from the boundaries of this emission zone. 
However, in abandoned mines, the full extent of the gas emission zone from where gas 
migrates into the abandoned workings is not the same as that used in operating mines. 
The size and shape of the abandoned coal mine gas emission zone embraces the 
emission zones created through successive longwall mining operations and, when 
defining this gas emission zone, one also needs to account for the post-extraction 
processes taking place around a mine opening. These processes define the final state of 
the stresses and deformations around the opening and result in a much larger gas 
emission zone with enhanced permeability characteristics. Evidence from the literature 
indicates that previous research into abandoned mines methane prediction did consider 
these processes as appropriate. 
4 
Chapter 1 Introduction and Objectives 
Inaccurate characterisation of the gas emission zone around abandoned mines led to 
numerical simulations which were far from being realistic in their interpretation of 
different permeability zones. Furthermore, over simplification of the strata sequence and 
the exclusion of coal measures rock properties resulted in models which did not 
represent the flow regimes underground accurately. 
Therefore, the main objective of this research was to address these shortcomings. The 
project aimed to: 
improve understanding of the mechanisms that govern the pressure regime 
and methane flow in and around abandoned coal mines, 
- develop a new conceptual model to define the gas emission zone around an 
abandoned coal mine, and 
- develop and validate a methodology to model and predict methane extraction 
from abandoned coal mine reservoirs using numerical models 
1.3 	Structure of the thesis 
Chapter 2 presents an overview of the processes that shape the abandoned coal mine as a 
gas reservoir. These include gas storage and flow characteristics of coal seams and the 
geomechanical processes associated with mining and subsidence. The strata conditions 
around a longwall panel are reviewed with special reference to the characterisation of an 
abandoned mine gas emission zone which accounts for the effects of different stress 
regimes on permeability of coal and coal measures rocks. 
Chapter 3 presents a review of methane prediction methods used in operating coal mines 
together with the review of empirical and numerical models which have been applied to 
the prediction of methane flow in abandoned mine workings. 
Chapter 4 describes the development and validation of an improved void-resistance 
model which presents a mathematical methodology to estimate the underground 
reservoir conditions from gas extraction records. 
Chapter 5 is dedicated to the analysis of the effects of permeability on the rate of 
methane flow around a mined longwall panel using METSIM, Imperial College in house 
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coalbed methane simulator. The numerical model simulations presented a quantitative 
improvement with respect to the void-resistance approach as they account for the 
physics of desorption and flow of methane in coal. These results have helped understand 
the behaviour of methane flow around a section of the mined panel and have formed the 
basis for creating a methodology for modelling methane flow from abandoned coal 
mines. The numerical modelling work also confirmed that they can provide reliable 
predictions if the stratification and the reservoir characteristics are represented 
accurately. 
Chapter 6 presents a critical review of the previous numerical modelling study carried 
out at the St. Barbara-Frankenholz abandoned mine complex. A new conceptual model 
for the gas emission zone developed by the author for abandoned coal mines is also 
presented. 
Chapter 7 is dedicated to numerical modelling work. Using the principles of the new gas 
emission zone established in Chapter 6, a numerical model of an abandoned mine is 
constructed to replicate St. Barbara-Frankenholz abandoned mine complex and 
predictions made. 
Finally, Chapter 8 summarises the main conclusions arrived at in the course of this 
research and suggestions for further research are made. 
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Chapter 2 
Coal as a Reservoir Rock: Effects 
of Mining and Mine Closures on 
Abandoned Mine Reservoir 
Properties 
2.1 Introduction 
When considering a coal deposit, which has been partially mined, methane will flow in 
the coalbed presenting a dendritic nature (Thimons and Kissell, 1973). The flow of 
methane commences in the smaller pores migrating successively to larger pores and 
cracks, and then progressively reaches larger cracks leading finally to worked areas of 
the mine, tectonic traps or the earths surface. The presence of these geological features 
combined with the disturbance caused by underground mining provides multiple flow 
paths surrounded by increased permeability strata, creating a man-made gas reservoir. 
The combination of coal properties regarding gas storage and flow, and the physical 
boundaries shaping the abandoned mine as a consequence of mining and post-mining 
processes define the unique characteristics of the abandoned mine as a gas reservoir. In 
turn, the behaviour of an abandoned coalmine as a gas reservoir depends on several 
factors that are described under three sections in this Chapter, coal as a gas reservoir, 
effects of coal mining and impacts associated with mine closures. 
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The effectiveness of a drainage system and the credibility of the predictions made in an 
abandoned mine would depend on the degree of understanding achieved on the subject 
of methane flow in and around the mined coal seams. 
Experience gained in the application of methane prediction models and subsidence 
studies in operating coal mines can be used to explain the gas flow behaviour of an 
abandoned mine once the entire system has reached equilibrium. 
2.2 	Coal as a Reservoir Rock 
Coal is a sedimentary rock of biochemical origin with an extremely heterogeneous 
structure. Coal is characterised by dual porosity, which is the main feature controlling 
the storage capacity and flow of methane within it. The micro porosity consists of pores 
within matrix blocks in coal, which store methane molecules but are too small to 
contain water. The distribution of the micropores inside the coal matrix is unaffected by 
geological disturbances, being solely a result of the degree of coalification, which 
effectively controls the sorptive potential of the material 
The macro porosity of coal consists of an orthogonal system of open fractures (cleats) 
that accounts for most of the coal permeability (Laubach et al., 1998). Cleats are 
essentially shrinkage cracks whose orientation is controlled by tectonic stresses at the 
time of their genesis. Cleats generally form a rectilinear set of fractures referred to as 
face (dominant) and butt (subordinate) cleats, see Figure 2.1. 
Figure 2.1 Plan view of coal cleat system. 
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Large amounts of gas are generated from coal during the coalification process by both 
biogenic and thermogenic processes. The yield is in the range of 150 to 200 m3/t of coal 
(Rice et al., 1996). The volumes of gas found in coal seams prior to mining are 
considered to represent the difference between the gas formed during burial and the gas 
subsequently lost over geological time. Methane content in coal generally increases with 
rank, depth and pressure. 
2.2.1 Gas Storage in Coal 
There are several mechanisms by which methane is stored in coal (Crosdale et al., 1998; 
Bustin and Clarkson, 1998): 
1- Adsorbed molecules within the micropore surface area (physical adsorption). 
2- Trapped gas in the closed pores within the matrix blocks. 
3- Free gas in cleat and coal fractures. 
4- As a solute in ground water within coal fractures. 
5- Dissolved in the coal structure (chemical adsorption). 
Most of the gas in coal, approximately 90%, is adsorbed on the internal surfaces of the 
primary porosity, which is virtually impermeable due to the small pore size. Thimons 
and Kissell (1973) estimated that the micro porosity accounts for about 95% of the 
internal coal surface area, which ranges from 100 to 200m2/g. of coal. The quantity of 
adsorbed gas increases with the surface area and consequently methane, with the 
enormous internal surface area of coal, is able to adsorb in excess of 30m3 per tonne of 
coal. 
The adsorption of gases by solid coal is a result of adherence and compression of gas 
molecules on their surface by the molecular forces of attraction. Its extent depends on 
the type of coal and also pressure and moisture. 
The adsorption isotherm represents the relationship between the pressure of methane gas 
and the amount adsorbed on coal at a constant temperature. One function commonly 
used for methane adsorption on coal is called the Langmuir isotherm (Langmuir, 1916), 
see Figure 2.2, which is based on the ideal case of a single layer of molecules adsorbed 
on the coal surface. 
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Figure 2.2 Methane adsorption isotherms at 20° (Bustin and Clarkson, 1998). 
The quantity of adsorbed gas increases with pressure until reaching equilibrium at 
pressures that vary with the type of coal. At equilibrium pressure, a monomolecular 
layer of gas is formed and the quantity of gas adsorbed does not change with an increase 
in pressure. 
However, if the pressure is increased beyond a critical value, a second molecular layer 
begins to form, causing further increase in the quantity of gas adsorbed. This critical 
pressure is normally well above that found in coal seams (Harpalani and McPherson, 
1986). The Langmuir isotherm is generally expressed as 
V= 	
VIP 	 2.1 
P+131  
Where V (m3/t) is the volume of methane at standard temperature and pressure per ton 
of coal, VL (m3/t) is the Langmuir volume constant, P (kPa) is the pressure in the cleat 
system and PL (kPa) is the Langmuir pressure constant. The Langmuir volume VL 
represents the maximum storage capacity of the coal. The Langmuir pressure PL is the 
pressure at which half of the Langmuir volume is reached. 
The other, approximately 10%, free gas stored coal is accumulated in the cleat system. 
Free mine gas will have a similar composition as the one presented in Table 2.1. 
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Table 2.1 Typical composition of coalbed methane (after Sizer et al., 1996). 
Gaseous component % (by volume) 
Methane 80-95 
Ethane < 8 
Propane and higher hydrocarbons < 4 
Carbon dioxide 0.2 - 6 
Nitrogen 2 - 8 
Argon, helium, hydrogen < 0.5 
2.2.2 Methane Release and Flow in Coal 
Three main laws govern the release and flow of methane in coal. These are desorption 
of methane from the internal coal surfaces, diffusion through the coal matrix and 
laminar flow of free gas within the cleat system. 
Figure 2.3 Methane release and flow in coal (a) desorption, (b) diffusion and (c) laminar 
flow (after Gamson et al., 1993) 
Methane adsorbed in coal over geological times is in equilibrium with the free 
compressed gas. Disturbance of these conditions due to mining creates micro fracturing 
and weakening of the strata due to changes in the stress patterns. This provides flow 
paths along which free gas can migrate inducing a fall of gas pressure within the pores. 
According to the shape of the adsorption isotherm, as the gas pressure is reduced, coal 
also reduces its capacity of holding methane in an adsorbed state. Methane molecules 
detach themselves from the internal surfaces of the pores in a process called desorption. 
After methane is desorbed from the internal surface of the coal matrix it flows through 
the micropore system in the coal as a result of concentration gradients in a process 
called diffusion. In the micropore system, coal permeability to gas is negligible and 
diffusion is the dominant mode of transport. 
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The diffusion of methane in the matrix of coal is the result of three distinct mechanisms, 
bulk, Knudsen and surface diffusion. However, regardless of which mechanism is 
dominant, the transport obeys Fick's law of diffusion (King et al., 1986): 
u x = —D—ac 
ax 
	 2.2 
where u, is the gas velocity along the x direction, c is the concentration, D is the 
diffusion coefficient and x is the direction of flow. Where open fractures exist methane 
gas flows due to the pressure gradient existing between the interior and the surface of 
coal particles at much faster rates because the dimensions of the fractures are much 
greater than those of the micropore system. In this case the flow is linear and assumed to 
follow D'Arcy's law 
u = —k ap 
	
2.3 
where u is the volumetric rate of gas flow, k is the permeability, f.t is the gas viscosity, P 
the pressure and L is the length considered. The effect of mining disturbances on coal 
reduces the mean size of the particles which make up the seam and thus increase its bulk 
permeability, i.e. to increase the number of macropores and fractures present in a unit 
volume. 
At a microscopic level, the permeability of the rock layers is dependent on the porosity 
and mineral content of each of the rock series. At a macroscopic level, the parameters 
that define permeability are the fracture width, the roughness of the fracture surface, and 
the distribution and connection of fracture networks. 
Several researchers (Gray, 1987; Seidle and Arri, 1990) have concluded from their 
experience in different coal basins that the most important and limiting mode of fluid 
transport is the ability of methane to flow through the macropores and cleat system. The 
overall permeability of coal can be subdivided into micro- and macro-permeability. The 
micro-permeability refers to the permeability of pores and macro-permeability to the 
permeability of the cleat system and fissures in the coal to gas flow. 
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In the micro-pore permeability system gas flows by diffusion whereas in the macro-
pores methane flows according to Darcy's law. The extent to which methane flow in 
coal is dominated by diffusion or Darcy flow depends therefore on the type of coal and 
its associated fracture structure. In solid unfractured coal, the rate of methane release 
takes place by very slow diffusion of gas molecules through the micropores in response 
to a concentration gradient. 
However, in unfilled macropore system and where open fractures exist due to disturbed 
structural integrity methane flows due to the pressure gradient between the interior and 
the surface of coal particles at much faster rates because the dimensions of the fractures 
are much greater than those of the micropores. In this case the flow is assumed to be 
Darcian flow. 
The factors that control the in-situ coal permeability of cleats are frequency, 
connectivity, and aperture width. The dependence of the coal permeability on the cleat 
has two important consequences. The first is that the permeability is anisotropic, with 
the direction of the greatest permeability oriented along the continuous face cleat, that 
is, the horizontal permeability. The second consequence is the permeability dependence 
on confining stress. 
Fracturing due to mining affects the structural integrity of coal, therefore conditioning 
the type of methane flow in abandoned mines. This limits the distance the gas molecules 
have to travel before they encounter a macropore or fissure and are able to flow under 
relatively unimpeded conditions (Barker-Read and Radchenko, 1989). That is to say that 
the effect of mining disturbance is seen not in the diffusion rate of methane through the 
solid coal, but in limiting the time during which gas migration by diffusion prior to free 
flow conditions are available. 
Therefore, despite evidence that methane presence in coal mines and abandoned coal 
mines is driven by barometric pressure differences it is also important to examine the 
effect that the rate of methane desorption and diffusion have on the overall rate of 
methane emission from coal. Laboratory desorption studies (Airey, 1968) led to the 
development of an empirical equation of methane emission from broken coal which was 
later expanded to a gas prediction model in coal mines (Airey, 1971). Airey's approach 
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to methane prediction in coal mines has been successfully applied by coal mining 
operators and researchers in the UK, Australia and US (Jackson, 1984). 
The flow capacity of fractured media depends almost entirely on the number and width 
of fractures and their continuity in the direction of flow. The un-fractured portion of the 
medium may contribute to the total flow capacity but this contribution is often relatively 
small (Somerton et al., 1975). 
It is possible to determine theoretically the permeability of a fracture, based on the 
equation for fluid flow capacity of a narrow channel under laminar flow conditions 
(Muskat, 1949) according to the following equation: 
k =108W3 
12S 
Where kf is the fracture permeability (Darcys), W is the fracture width (cm) and S is the 
cross sectional area of the fracture (cm2). However, fractures in real strata are usually 
not regular and discontinuous, and therefore it is seldom possible to establish the width 
or other properties needed for calculating permeability. More importantly it is also 
extremely difficult to separate fractured and solid permeability. It is expected that within 
these areas, fractures and fissures are to be dependent on regional and geological 
conditions of particular mines. 
2.2.3 Experimental Investigations of Methane Emission from Coal 
A number of equations have been proposed to quantify the rate at which methane 
desorption from coal occurs. In order to investigate the emission of methane from 
broken coal, Airey (1968) carried out a series of experiments on coal samples from the 
Deep Soft seam at Sherwood Colliery which led to the development of an empirical 
equation. 
It was found that the rate of methane emission was dependent on the coal particle size 
and moisture content. Faster rates being associated with smaller particle sizes. Airey 
found that the initial rate of release of methane was infinite for all sizes, and it 
subsequently falls off progressively with increasing time. 
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The rate of release of methane was measured, and the volume V discharged in time t 
conformed to an empirical formula based on three parameters: 
 
1 — exp{— 
t
0 ) 
   
V=A 
n 
 
2.5 
    
     
Where A is the initial gas content and to and n are two constants. The predominant 
factor influencing the rate of methane release from coal was found to be the size of the 
coal sample, to being about 10 minutes for coal sizes below 76[tm to about 140hr for 
6.35 to12.7 mm. 
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Figure 2.4 Measured quantities of desorbed methane compared with empirical curves 
using Airey equation (afterAirey, 1968). 
Airey expanded Equation 2.5 as a series in powers of (t/ to)°, and for small values of 
(t/to)n, the initial degassing V(t) can be expressed by the following equation 
V (t) = A 
The experimental results showed that the constant n did not vary in a systematic way 
with the variables tested and an average value of 1/3 was selected. The time constant to 
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was reported to vary with particle size and initial gas content but not to a measurable 
extent with moisture content between 5 and 6.2%. Experimental values showed the 
volume of gas emitted V(t) up to time t is proportional to the cube root oft. Figure 2.5 
shows a plot of to against coal size. 
0 .... 
0 	,.... ...- ..- 
- 
..-cr -- 
...-0 ' 
,- 
,.. 	tolix 
.-- --- 0 
= constant x mean coal size 
0.01 	o 1 	1 o 	10 	100 	1000 
Time (hr) 
Figure 2.5 Relationship between mean coal size and to (after Airey, 1968). 
Experimentally it was found that equation 2.6 applied to sizes up to about 3mm, at 
which size there was some evidence that to had reached a maximum value. In order to 
show a physical basis for this equation, Airey developed a flow equation based on 
Darcy's Law to match the empirical results observed from degasification experiments. It 
was assumed that the volume of methane adsorbed was proportional to the absolute gas 
pressure surrounding the coal at equilibrium conditions. Two models of gas flow, 
through homogeneous and cracked solid, were proposed. 
The results were reported to show good agreement with the experimental measurements 
when a crack system was incorporated in the coal structure. In summary, the 
assumptions underlying these equations are: 
The coefficient n is a constant value which cannot be correlated directly to 
any set of variables such as particle size, properties, etc. 
The time constant to is a function of particle size up to 3mm, above which it 
increases non-linearly and assumes a constant value of 200 hours for large 
coal lumps. 
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Parallel research on methane emission from coal by Barker-Read and Radchenko (1989) 
included the estimation of Airey's time constant from coal samples in Cyenheidre 
Colliery in South Wales. The coal strata sampled in Cyenheidre Colliery came from 
undisturbed, disturbed and outburst areas in the mine. The rate of methane desorption 
was estimated using sample sizes of 0.05-0.3mm at 25°C during a gas pressure fall from 
1.5MPa to 0.1MPa. Figure 2.6 presents a comparison between Airey's and Baker-Read 
and Radchenko's results on the estimation of time constant to from empirical 
measurements. 
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Figure 2.6 Comparison of Airey's and Barker-Read and Radchenko's time constant 
versus coal size and degree of disturbance. 
Barker-Read and Radchenko's research indicate that the sorption-kinetic characteristics 
of coal samples differ across different areas of the mine according to the strata 
conditions. Normal coals exhibited values for to around 26-35 min while outburst coals 
exhibited values for to as low as 0.19 to 2.2 min. The greater the disturbance the greater 
the number of microfractures and, hence, the smaller the particle size composing the 
sample. It is also implied from Figure 2.6 that time constant to increases very rapidly as 
a function of the coal size according to Airey's experimental Equation 2.6 despite the 
linear appearance observed in the graph due to the logarithmic scale used. 
Another desorption index is the time constant, T, which has been particularly used in 
Russia to estimate the rate of methane desorption from coal (Barker-Read and 
Radchenko 1989). The sorption-kinetic parameter ti represents the time it takes to desorb 
approximately 63% of the equilibrium gas capacity. 
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Similarly to Airey's time constant, to, T was calibrated from laboratory desorption 
experiments leading to the following relationship 
r = 1/tan 2 a 	 2.7 
Where a is the angle of the initial straight line section of the desorption curve. Baker-
Read and Radchenko (1989) presented t as a function of Airey's constants to and n in 
the form of the following equation 
T = [1 — eXp (— cn t2 	 2.8 
The sorption-kinetic parameter T is potentially more convenient than Airey's emission 
constant to for explaining the rate of gas emission from coal as in the latter case the two 
indices may vary independently of each other and obscure the overall effect. The value 
of T can thus be seen to be independent of the sorptive capacity of the sample, which is a 
distinct advantage over Airey's constant. The apparent increase in desorption time as 
coal lumps increase their size (Airey, 1968) is also reflected in T. 
2.3 	The Effects of Mining on Reservoir Properties of Coal and Coal 
Measures Rocks 
Longwall mining of stratified coal deposits has been the most common mining method 
employed in Europe. It was used in a variety of geological conditions and it has proved 
to be the most reliable and economic method allowing for high mechanisation and 
efficiency in production. Longwall mining involves extracting coal in large blocks, 
called panels, using a mechanized shearer. The full seam thickness is removed and panel 
extents are typically 200-350 m wide and up to 3000 m in length. 
Longwall production consists of two or more parallel access roads (gate roadways) 
linked by a mechanically supported coalface. With this method, the mine roof is allowed 
to collapse into the mine void creating the so called goaf areas. Strata above the mine 
level are altered as the mine roof caves behind the hydraulic supports, creating zones 
where blocks of rock fill the mine void. 
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The release of methane from coal seams and its flow through strata towards the waste 
area is governed by the permeability of the formations concerned. It is agreed that the 
stress disturbance created by mining of coal seams affects the permeability of coal and 
rock strata, therefore determining the pattern of methane flow. 
The relationship between stress and permeability has been largely acknowledged in the 
literature. The effects of overburden pressure on permeability of reservoir rocks was 
first considered by Fatt and Davis (1952). This was followed by the study of the effects 
of hydrostatic stress on coal permeability by a number of researchers (Patching, 1965; 
Durucan, 1981; Gray, 1987). 
2.3.1 Longwall Coal Mine Strata Mechanics 
Before mining is started, coal seams are loaded by the weight of the overburden where 
stresses are uniformly distributed. However, as coal is extracted the strata surrounding 
the mine opening is disturbed. As a result of these disturbances, stress conditions are 
readjusted until a new equilibrium is achieved. 
The different stress conditions and structural changes occurring during mining will 
determine the level of permeability to methane of the coal seams within the emission 
zone. The stress regimes observed in the proximity of a longwall excavation can be 
grouped into four categories according to work carried out by Whittaker (1974): 
1- The front abutment zone where the coal is triaxially compressed 
IGIN631'10.21 
2- The crushed zone at the face, where the stresses become more complex 
63 > 0 > GI > 0'2 , 
3- 	The stress-relief zone where the stresses are complex and low in magnitude, 
4- The recompactation zone where it is believed that the state of stresses in this 
zone will be triaxial. 
It is generally agreed that the redistribution of the vertical overburden stresses around a 
longwall panel take the form illustrated in Figure 2.7 (Whittaker, 1974). Similar stress 
and permeability distributions have been validated through numerical studies by several 
researchers (Ren and Edwards, 2000; Whittles et al. 2006). 
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As shown in Figure 2.7, stress increased slightly at a distance between 40 to 60 m away 
from the face, increased rapidly when the face was between 15 to 20 m, and reached a 
peak abutment pressure at 1 to 5 m ahead of the face. Whittaker suggested that, in 
general the magnitude of the peak abutment pressure would be 4 to 5 times the cover 
load. 
Despite a number of research studies on the effects of stress on permeability on coal 
little reference is made to the relevance of the pressure zones around a longwall panel. 
Durucan (1981) was the first to consider the effects of stress on permeability within the 
context of the different stress conditions created around a working longwall face. 
h = depth 
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Figure 2.7 Comparison strata pressure distribution in the plane of the seam around a 
longwall face (after Whittaker, 1974). 
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The stress conditions in the front abutment zone of a longwall face lead to the 
compression of pores and flow channels, or the compression and microfracturing of coal 
material in the direction perpendicular to the minimum principal stresses. Permeability 
of coal seams in the abutment zone area could decrease up to two orders of magnitude 
(Durucan, 1981). 
At the face area, where the roof is totally destressed, the vertical stress would be reduced 
to much less than the overburden load. Towards the waste, vertical stress gradually 
builds up on the caved waste due to recompaction and reaches the cover load at a 
distance between 3/10 and 4/10 of the overburden thickness behind the face line (the 
YY section in Figure 2.7) 
The ground movement pattern associated with a longwall extraction as suggested by 
Whittaker and Reddish (1989) is presented in Figure 2.8. In the case of an advancing 
face line, there is a tendency for ground movement to rotate around the coalface, Figure 
2.8 (b), accompanied by successive occurrence of shear lines at the coal face. 
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Figure 2.8 Ground movement around a longwall extraction (after Whittaker and Reddish, 
1989). 
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As a result of coal extraction, strata movement is transmitted from all depths of working 
towards the surface; however, surface effects become minimal below a certain depth. 
This movement of strata allows for fractures and voids to develop, creating a de-stressed 
area, the so called "emission zone", from which gas migrates into the mine workings. 
Above the mined longwall panel the overburden strata are disturbed in order of severity 
from the immediate mined seam towards the surface. Different investigators (Kendorski, 
1993; Palchik, 2003) have identified three distinct zones, caved zone, fractured zone and 
continuous deformation zone in ascending order from the roofline into the overlying 
strata, Figure 2.9. 
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Figure 2.9 Strata disturbance above mined longwall panel (Peng and Chiang, 1984). 
The extension of these zones, i.e., whether the strata is caved, fractured or deformed, 
defines the permeability of the strata and the vertical continuation of fractures into the 
roof and therefore controls the rate of gas emission from coal and gas bearing strata 
from the affected area 
The mechanism of caving includes detaching of the immediate roof rock into blocks, 
which moves irregularly down in the void but results in bulking of that portion of the 
rock mass of the order of 10-50%. The larger the propensity for the material to bulk, 
such as resistant sandstones, the more difficult is the propensity to initiate and develop 
failure and the smaller the height of the failure, and vice-versa for very weak rocks such 
as mudstones. 
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The caved zone is created as the longwall face advances and the immediate overburden 
falls and fills the void created by the extraction of the coal. The caved zone is 
characterized by irregular rock fragments that may have rotated relative to their initial 
locations, resulting in relatively high void ratios and permeability. 
As the face advances, the caved rock is re-compacted by the weight of the overburden. 
The amount of recompaction depends on the depth of overburden and the strength of the 
material. This caved material acts as a natural bed of backfill against which the main 
roof deflects, thereby restraining its displacement and partially maintaining its 
mechanical integrity. Different researchers (Karmis et al., 1983; Kendorski, 1993; 
Palchik, 2003) reported a height of the cavity zone up to 5 to 12 times the height of the 
mined coal seam. 
Due to the combined effects of bulking, the lowering of the upper beds and the lifting of 
the floor, the caved material in the waste area comes in contact with the strata above and 
it provides these beds with some support. Once the waste is in contact with the roof 
strata, layers above the caved area may continue to develop fractures as these rock layers 
do not disintegrate or change significantly their relative position or their volume. 
The fractured zone can be divided into two subsections. The so called interconnected 
fractured zone consists of rock blocks where vertical fractures provide a flow path into 
the caved zone and the upper part where horizontal fractures are created along the 
bedding planes providing small cavities for gas storage increasing the horizontal gas 
migration but vertical permeability is minimally altered. The extension of the fractured 
zone above the caved area varies for different coal basins in different countries and has 
been reported to extend up to 100 times the mining height depending on the local 
mining conditions (Palchik, 2003). 
Above the fractured zone is the bending zone. The rock is essentially un-fractured, but 
can experience shearing along bedding planes increasing the horizontal permeability of 
the strata. 
An empirical study in New South Wales coalfields in Australia (Holla and Buizen, 
1991) on the extent of fracturing and increased permeability in the strata above the 
mined zones found that within the continuous deformation zone, regions of larger 
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dilations were separated by regions of compression or smaller dilation. This means that 
fractured beds would be sandwiched between beds that can actually be compressed. In 
this situation, vertical conductivity extending vertically from the mine workings is 
unlikely to develop continually into the overburden. 
The extension of each of these zones according to several researchers is summarised in 
Table 2.2: 
Table 2.2 Extension of disturbed area. 
caved 
zone 
fractured 
zone 
c. deformation 
zone 
Palchik 
(2003) 
4 to 11 x 
mining height 
20 to 100 x 
mining height 
no value 
Patton et al 
(1995) 
2 to 8x 
mining height 
28 to 42 x 
mining height no value 
Rock mass disturbance also extends into the floor of a longwall panel. The floor 
experiences stress relief as the longwall face passes overhead. The stress relief will be 
partially reversed as the gob is recompacted by the weight of the overburden. In 
addition, the elevated abutment stresses can cause deep seated fracturing of the floor 
rocks at the advancing face and around the stationary abutments (Esterhuizen and 
Karacan, 2005). 
The immediate and most important effects of subsidence appear shortly after the 
extraction operation. The residual effects, about 5-10% of the maximum subsidence, 
take much longer to develop fully, up to 12 months and rarely to a few years after the 
longwall face advancement stopped (Betournay, 2002). 
It is over the edges of the longwall extraction that the greatest residual subsidence 
effects are observed, and such effects gradually decrease to zero as the subsidence limits 
are approached. Therefore, the gas emission zone in an abandoned mine could be 
determined based on the full effects of the strata disturbance from subsidence profile 
studies. Figure 2.10 presents the lateral extension of the full subsidence profile arising 
from mining three longwall panels at two different coal seams (Whittaker and Reddish, 
1989). 
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The lateral extension of the emission zone on the mining profile is determined by the 
angle of draw, which refers to the angle subtended between the vertical above the 
extraction edge and the limit of subsidence. This angle for the UK conditions ranges 
approximately from 25° to 35°. 
A + 	1  + B2 	' 
.,,Limit  line 	 hA Limit line 
1 
Seam A 
Extraction A 
• 
Extraction.Bi 	, Extraction B2  
Seam B 	  
Angle of draw 
hB 
Figure 2.10 Surface subsidence arising from longwall mining involving interaction of 
several profiles (after Whittaker and Reddish, 1989). 
Empirically, the magnitude of the full subsidence Smax, can be expressed as a linear 
function of the extracted thickness, e.g. 
Smax = FH cos a 	 2.9 
where F is the subsidence factor, H is the extracted seam height in metres and 8 is the 
seam dip in degrees. While the greatest amount of subsidence occurs over the centre of 
the mined-out block, the trough extends beyond the vertical projection of the limits of 
the mined area. In the case of inclined seams, the position of the subsidence profile can 
be adjusted to take gradient into account as shown in Figure 2.11. 
Figure 2.11 Location of subsidence profile in gently dipping seams (up to 20°) 
(after Whittaker and Reddish, 1989). 
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2.3.2 The Effect of Uniform Stress on Coal and Rock Permeability 
The effects of overburden pressure on permeability of reservoir rocks were first 
considered by Fatt and Davies in 1952. A reduction in permeability by as much as 50% 
was observed on dry sandstone under hydrostatic pressure simulating the effect of 
overburden pressure. The results of the test conducted on four of the eight sandstone 
cores are shown graphically in Figure 2.12. The permeability of the eight cores under 
hydrostatic pressure ranged from 4.35x10-15m2 to 6.32x10-15m2. Porosity changes in the 
same range of pressure were negligible. 
0 	7 	14 	21 	 35 
Overburden Pressure - MPa 
Figure 2.12 Change in permeability with overburden pressure (after Fatt, 1953). 
Most of the decrease takes place over the range of zero to 20 MPa overburden pressure, 
which is representative of strata at depths of 1,500 metres. Patching (1965) studied the 
effects of confining pressure on coal. The coal specimens were tested under hydraulic 
pressure conditions from 0.69 MN/m2 to 6.9 MN/m2. Patching also identified 
permeability hysterisis and time-dependent changes as the coal was loaded and 
unloaded. From the examinations of the results Patching concluded that the permeability 
of coal was to some extent dependent on its stress history. 
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Figure 2.13 Permeability against confining pressure (after Patching, 1965). 
A series of experiments on coal samples under loading and unloading conditions were 
conducted by Dabbous et al. in 1974. The effect of stress history on permeability of coal 
was marked by a continuous decrease in permeability with each load/unload cycle. 
2.3.3 The Effect of Non-Uniform Stress on Coal Permeability 
In order to simulate the stress conditions experienced underground a series of 
permeability studies under triaxial stress conditions were completed by different 
researchers. 
Mordecai in 1974 was the first to consider the effects of traxial stress on permeability 
within the perspective of mining. This was followed by the study of the effects of 
simulated underground stress conditions and fracturing on the permeability of coal 
(Mordecai and Morris, 1974; Somerton et al., 1975; Durucan, 1981; Harpalani and 
McPherson, 1985; Gray, 1987). 
Mordecai and Morris (1974) observed a marked decrease in the permeability of 
sandstone under increasing triaxial stress, Figure 2.14. Rock specimens were loaded 
hydrostatically in a triaxial cell and then further increments of vertical loads were 
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applied. The permeability of rock decreased until a significantly high deviator stress was 
reached l . 
In figure 2.14, permeability is expressed as a percentage of the base permeability value 
measured at minimum confining stress. Further vertical load caused a marked increase 
in permeability as result of the opening up of flow channels as fracturing was initiated. 
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Figure 2.14 Permeability/stress curves of rocks confined at 13.8 MPa (after Mordecai and 
Morris, 1974). 
Permeability experiments conducted by Somerton et al. (1975) showed that coal 
permeability is highly stress-history dependent, decreasing in magnitude with each 
loading cycle, except in cases where the applied stress or excessive differences in the 
principal stresses caused further fracturing. Higher permeability coals showed a decrease 
of over a full order of magnitude and lower permeability coals showed a decrease of 
over two orders of magnitude within a stress range of 2-14 MPa (Somerton et al., 1975). 
Difference in the type of stress application, hydrostatic or triaxial, appeared to have little 
effect on permeability reduction. The mean effective stress level was found to be the 
controlling factor in permeability reduction. 
I The deviator stress is the difference between the variable axial stress and the constant confining stress. 
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Figure 2.15 Permeability of Virginia Pocahontas coal under triaxial stress (after Somerton 
et al., 1975). 
Durucan (1981) studied the effect of stress on permeability of coal in stress conditions 
simulating the front abutment zone, recompaction zone and fractured zone of a longwall 
face and the recompaction zone of nearby seams. A series of loading-unloading 
experiments under different stress conditions were conducted. Figure 2.16 shows two 
consecutive stress-permeability curves for Dunsil and Acilik coals respectively. During 
the first loading cycle of the Dunsil sample permeability decreased by three orders of 
magnitude, illustrating the compression effect of the stresses in the front abutment zone 
(Durucan, 1981). 
The sudden release of the confinement transformed the state of stresses from triaxial 
compression into a complex state similar to that experienced at the face region, and 
permeability increased by three orders of magnitude through fracturing (Figure 2.16 
a).The effect of microfracturing on permeability of coal under triaxial compression 
resulted in coal permeability remaining very low. Permeability only increased when the 
stresses are relieved, coal is relaxed and flow channels appeared. 
When a coal specimen was loaded and unloaded, two main patterns of structural 
changes were observed, respectively dependent upon the mechanical strength and upon 
the degree of propagation of fractures. Coals with a high degree of elasticity and no 
apparent fractures usually remained structurally unaffected after a series of loading-
unloading cycles. On the other hand, highly fissured and/or low mechanical strength 
friable coals usually microfractured under the stress conditions created in the laboratory. 
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Figure 2.16 Stress-Permeability curves for Dunsil and Acilik coals (after Durucan 1981). 
It is believed from the evidence presented that all coals would microfracture under the 
stress experience in the front abutment zone of a longwall face. However, since the 
effect of microfracturing, in terms of creating high-permeability flow channels, can only 
be established through the release of confinement, no increase in permeability of coal 
should take place in front abutment zone of a longwall face. 
Durucan et al. (1993) conducted further research on the structural changes occurring in 
the yield zone and stress relief zone around active longwall faces, Figure 2.17. The 
results show that once coal is fractured and relaxed in the stress relief zone, further 
stressing of coal does not affect permeability to the same extent as in intact coal. Gas 
flow through fractured coal in the recompaction zone was found to be a function of 
fracture width which was comparable for most coals tested. 
It was concluded that the permeability of coal seams can increase by up to three orders 
of magnitude in the yield and stress relief zone of longwall faces and the source seams 
above and below. The fracture permeability under triaxial compression remains constant 
once the residual strength of coal is reached. 
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Figure 2.17 Stress-permeability relationships for intact and fractured coal, Great Row 
seam, Silverdale Colliery (after Durucan et al., 1993). 
Contrary to large discrepancies between the permeabilities of different unfractured coals 
and coal measures rock under stress, permeability of fractured coals and coal measures 
rock at equal stress levels were found to be comparable. The results of the intact and 
post-failure stress-permeability investigations enabled the researchers to define the 
stress dependent permeability of the four stress zones around longwall faces. 
2.3.4 Stress and Permeability Profiles for Coal around Working Longwall Faces. 
Research carried out by Durucan (1981) and Durucan et al. (1993) investigated the 
distribution of principal stresses and the propagation of fractures around a longwall face 
using finite element analysis. Durucan (1981) revised the theoretical stress distribution 
profile around a 500 metres deep stationary longwall face to define the position of 
different stress zones and the maximum permeability areas around a working longwall 
face. 
Figure 2.18 illustrates the magnitude and position of maximum and minimum principal 
stresses acting on coal seams around a 500m deep longwall face. Using Finite Element 
Analysis, Durucan (1981) has established that, in the front abutment zone, the horizontal 
stress decreased in magnitude as the vertical stress continued to increase to its peak 
value few metres in front of the face, causing fracturing and crushing of the coal seam. 
It was suggested that fracturing and failing of coal seams are most likely to occur in the 
crushing zone causing a dramatic increase in permeability. In the crushed zone the 
primary pore structure is broken down and secondary joints and cracks are developed. 
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This leads to an increase in coal permeability up to three orders of magnitude ahead of 
the face. The conditions in the stress relief zone were found to be very complex. 
Horizontal stress is reduced while vertical stress can act either compressive or tensile at 
different points 
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Figure 2.18 Maximum and minimum principal stress profiles around a 500m deep 
working longwall face (after Durucan, 1981). 
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Durucan's early interpretations of the position of different stress zones around a 
working face in 1981 were later confirmed by Durucan et al. (1993) who developed and 
implemented a dynamic finite element analysis model to analyse the stresses around an 
advancing longwall face at 450 m depth (Figure 2.19). The model has shown that as the 
face length increases the failure zone in the strata surrounding the longwall face extends 
into the neighbouring coal seams. The results from this modelling study (Durucan et al., 
1993) have shown that the fracturing and failing of coal seams take place much earlier 
than the fracturing of coal measures strata at the same distance from the workings. 
Therefore, depending on the strength of the intervening strata, the permeability of the 
coal measures rock will remain low and not much gas flow will take place until the coal 
measures rocks are also fractured. 
Figure 2.19 Failure zone around a 50 and 100 metres of longwall extraction at 450m depth 
below the surface (after Durucan et al., 1993). 
After characterising the different stress zones around a working longwall face Durucan 
(1981) combined his experimental data with the stress conditions and proposed a 
general stress-permeability profile for the immediate roof level of a working longwall 
face. As shown in Figure 2.20, it was suggested that the permeability of a coal seam 
increases dramatically in the crushing zone where the coal is fractured. These profiles 
were based on the analysis of experimental data generated and the results of the 
theoretical stress analysis illustrated in Figure 2.18. Figure 2.21 presents the generalised 
stress-permeability profiles for coal seams around working longwall faces. 
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Figure 2.20 General mean stress-permeability profiles for coal seams at different depths 
around a working longwall face (after Durucan, 1981). 
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Figure 2.21 Mean stress and permeability distribution around a longwall face (after 
Durucan, 1981). 
Durucan (1981) also considered establishing the stress-permeability profile for coal 
seams that have previously been affected by mining of an overlying coal seam. This is 
particularly relevant to characterising abandoned coal mine reservoirs. As illustrated in 
Figure 2.22 the permeability of the working seam, which lies 30 metres below the 
previously mined workings, would already be due to past stress disturbances. 
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Figure 2.22 Stress permeability profiles for coal seams that have been affected by 
previous mining (after Durucan, 1981). 
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High stresses in the front abutment zone will not reduce the permeability to a great 
extent and further fracturing in the crushing zone will cause a slight increase in the coal 
permeability. The seam lying 50 m below the previously mined seam also presents a 
relatively high induced permeability due to the effects of old mining. The permeability 
of this seam will further increase as the seam 20 m above is extracted. 
In defining the shape and boundaries of the gas emission zone around a working 
longwall face Durucan (1981) used his findings from the finite element stress analysis 
and the effect of these stresses on the mechanical strength and permeability of coal 
seams within this zone. He estimated that coal seams at distances further than 100 m 
above and 50 m below the working face are not expected to be highly affected by stress 
disturbances. Figure 2.23 presents the different permeability zones that define the gas 
emission zone around a working longwall face. In an advancing coal face, the angle 
between the horizontal coal seam and the maximum permeability line defined by the 
fracture planes is determined by the rate of face advance. Durucan (1981) proposed 
average values of 60° and 45° for the strata above and below respectively. 
In the case of an abandoned coal mine reservoir, where the time dependent settlement of 
the ground around an underground opening is completed, the angle defining the 
boundaries of the gas emission zone around the opening is most likely to be defined by 
the subsidence profile and the angle of draw. A more detailed interpretation of the 
fracture zones and permeabilities of coal around abandoned mine cavities and a newly 
proposed gas emission zone for abandoned coal mine reservoirs will be presented in 
Chapter 6. 
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Figure 2.23 Different permeability zones and suggested flow paths of methane within the 
gas emission zone of a working longwall face (after Durucan, 1981). 
2.4 	The Effect of Mine Closures on the Mine as a Gas Reservoir 
The natural equilibrium state of coal seams is disturbed when mining takes place. 
Abandoned workings, containing air at near atmospheric conditions, provide a pressure 
sink into which free methane gas flows. A series of processes are associated with mine 
closures as water drainage and ventilation are stopped and the reservoir tends to stabilise 
at their new found natural conditions. 
Coals are commonly water saturated when in-situ, and no free gas is initially present in 
coal. Withdrawal of hundreds of litres per second, a common pumping rate for mining 
operations, results in an unnaturally rapid change in the groundwater system creating a 
cone of depression in the water table. 
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Termination of dewatering results in water table recovery, which displaces the gas at a 
rate equivalent to the water inflow. Flooding of mine strata reduces the volume available 
for gases to accumulate, forcing the gas to migrate to shallower abandoned mine 
workings. The most important hydrological peculiarity of a mined system is the 
presence of large artificial voids of vast lateral extension. Flow through the large 
openings and major roadways left by mining can often be expected to be turbulent 
during the rebound process, on the other hand the ground water flow through the 
remaining coal and surrounding strata will be laminar and can therefore be based upon 
conventional Darcian flow models (Adams and Younger, 2001). 
The water level conditions the coal reserves available for gas desorption and the gas 
pressure-volume of the reservoir. Water rebound in an abandoned mine will increase the 
hydrostatic pressure of the reservoir and eventually it would stop the desorption process 
from the waterlogged seams (Tauziede et al., 2002). In large collieries, dewatering in 
the abandoned areas may be kept operative in order to prevent groundwater flowing 
through the interconnected old workings into the remaining operations. 
Areas where mining has taken place by longwall are not expected to show any further 
subsidence as a result of water table rebound. However partial or total flood of room and 
pillar mines after abandonment can deteriorate clay bearing lithologies which can lead to 
roof and floor deterioration, thereby facilitating closure and rock mass displacements 
leading to later subsidence (Younger, 1993; Turney, 1985). 
Experience shows that the total rebound period may vary from a few months for 
relatively small mine systems to several decades for regionally interconnected coalfields 
such as the Durham Coalfield in England (Adams and Younger, 2001). 
2.4.1 Connectivity between Workings 
Deep mines vary in size from tiny operations underlying only a few hundred square 
metres of ground, to multiple-horizon workings which can be interconnected over areas 
of several thousand square kilometres (Younger, 1993). The extensive mining in certain 
coal basins over long periods has resulted in a large number of interconnections between 
different workings and/or abandoned mines via the goaf areas, disturbed seams, haulage 
or ventilation shafts and drifts (Sage, 2001). 
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Underground interconnections allow gas to move freely as influenced by changes in 
barometric pressure. As water levels rise principally as a result of cessation of pumping 
operations, some interconnections will become flooded, thus isolating sites and leaving 
methane to be vented using different migration pathways at individual mine sites. 
2.4.2 Residual Mine Void 
Mine gas builds up in the underground void left by the old workings and the residual 
empty space creates an underground reservoir with a volume that ranges from 25% to 
35% of the volume of the total coal extracted (Sizer et al., 1996). 
The void volume of an abandoned mine is defined by the residual volumes of the 
underground connections and the open fractures in the goaf and collapsed areas as well 
as the cavities and spaces created due to the cracking of the strata surrounding the 
workings. To account for void volume left in underground developments is an uncertain 
task. The degree to which these residual voids will shrink depends on the residual stress, 
the geometry of the openings, and the supporting methods used 
The volumes of underground connections of a coalmine include the volumes of 
extracted material to access the different mining levels, generally by means of shafts 
and/or rock drifts. Shafts connected with the surface are generally backfilled, therefore 
they do not add up to the void volume but they might provide a pathway for gas 
migration. 
The mined out void volume can be estimated either from the amount of extracted 
material and its density or from the study of the records including mined areas and coal 
profiles. The volume lost due to collapse and subsidence is dependent on the mining 
method and geological conditions, and therefore it has to be examined locally. 
2.4.3 Natural Migration of Methane within the Reservoir 
Mine gases accumulated in abandoned mines tend to migrate, in the absence of 
drainage, under the influence of a gas pressure gradient to areas of lower pressures 
(Tauziede et al., 2002). The pressure difference can be due to any of the following 
reasons: 
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1- Increase in the pressure due to three main processes 
Termination of dewatering results in water table recovery, which displace the 
gas at a rate equivalent to the water inflow within the underground voids 
compressing gases. 
Gas being supplied to the reservoir through desorption from the coal left in 
place. 
Reduction in the volume of the void space caused by subsidence and the bulk 
of collapsed material increase the hydrostatic pressure. 
2- Variations in atmospheric pressure, which is the main force driving fugitive 
migrations in leaky abandoned coal mines. 
Laboratory experiments and underground observations taken place during early and mid 
1900s in Britain demonstrated the connection between barometric pressure and the 
emission of gas in mines (Carter and Durst, 1955; Durst 1956). Later studies by Cote 
(2000) have shown the relationship between fugitive emissions from abandoned mines 
and atmospheric pressure changes (Figure 2.24). 
Largely flooded mines will have associated reduced gas reservoirs where small 
barometric pressure fluctuations can cause the mine to "breath", which means air is 
flowing into the mine during periods of high barometric pressure. On the other hand, in 
dry gassy mines, substantial quantities of gas may be produced from the mine and 
barometric pressure changes cause only small variations to the emission rate (Cote, 
2000). 
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2.5 Conclusion 
Laboratory and field measured data indicates that the most important mode of fluid 
transport in coal is Darcy flow in the cleats and open fractures. Less fractured coal 
seams may show a rate of flow that is controlled by diffusive movement. However, in an 
abandoned mine scenario the strata is highly disturbed due to the cumulative effect of 
mining of relatively close coal seams. The deformation in the floor and roof strata 
during mining involves compression expansion and re-compression stress stages. This 
process governs the rate at which methane flows into the longwall zone. The opening of 
fractures and joint planes are also responsible for increasing the overall strata 
permeability significantly. Furthermore, the presence of fractures increases the rate of 
release of gas from coal seams by increasing the exposed surface areas (Ren and 
Edwards, 2000). 
During mining, the gas influx from neighbouring coal seams and from other strata may 
produce as much as ten times the gas emissions from the worked coal seam. In 
abandoned mines, an even larger ratio of gas contribution could be expected from 
surrounding seams and strata (Noack, 1998). Similarly to the situation in a working coal 
mine, the estimation of the gas flow rates in an abandoned mine would rely on the 
characterisation of the strata surrounding the mine openings, primarily the extension of 
the zone of gas emission in both the roof and floor strata, and the degree of gas emission 
from adjacent seams and strata. 
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Chapter 3 	Methane Prediction Methods 
3.1 Introduction 
Mining activities cause relaxation of the strata and the resultant fractures provide flow 
paths for the gas to migrate into mine workings. Methane concentrations of about 5 to 
15% in air are explosive. For safety reasons, the concentration of methane in the mine 
atmosphere is kept lower than 1% in the U.S. and 1.25% in the UK underground coal 
mines. The control techniques developed to facilitate the safe working of gassy coal 
mines involve either capturing of the gas by drainage systems, or dilution of the gas in 
ventilation air to a safe concentration, or a combination of the two. 
Progress made in the development of knowledge regarding methane prediction methods 
in coal mines has been based on extensive observations made of these phenomena in 
several countries. Such observations have served as the basis for establishing the 
parameters governing the form and extent of the emission zone under different mining 
conditions, which defines the rates of methane flow into the workings. This led 
investigators to formulate prediction models of gas emission during gas extraction in 
coal mines. 
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3.2 Methane Prediction around Working Longwall Coal Mines: The 
degree of Gas Emission Models 
European methods of methane prediction in coal mining adopt the same basic 
principles. These methods were specifically designed for longwall extraction method as 
it is the most conventional mining operation. Each of these methods considers the 
following parameters: 
the stratigraphy above and below the worked seam 
desorbable gas content 
zone of gas emission in roof and floor strata 
degree of gas emission 
These methods have been empirically developed by mining research centres in 
collaboration with mining operations and produce methane estimations in the workings 
with a small margin of error at the particular local conditions of a given operation. 
Methane flow into the workings varies from site to site due to the different geological 
conditions found in different countries. Coal beds being too thin, too deep, or too close 
together to mine are neglected, however if they are located within the area of influence 
of the mined seams, they have a significant impact as this increases the flow of gas into 
the underground mine workings. 
The methane emission into mine workings can be divided into the emission from 
adjacent coal seams and strata, from the worked seam and from coal during clearance. 
The flow diagram in Figure 3.1 (Curl, 1978) details the European methods by which the 
total methane emission is calculated. This diagram is generally applicable although there 
are variations between the methane prediction practices in different countries. The 
contribution to the total gas emission into the workings during coal mining can be 
calculated with the following equation (MRDE, 1980): 
Q(m3Id) = degree of gas emission (%) x gas content of the seam (m3/t) x 
relative thickness x coal production rate (t/d) 	 3.1 
where the relative thickness is the considered source seam divided by the thickness of 
the mined coal seam. 
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Figure 3.1 Flow chart of European methane prediction methods (after Curl, 1978). 
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3.2.1 The Gas Emission Zone 
In a longwall mine operation methane flows from the coal left in the mined seam and 
from the surrounding coal seams and the gas bearing strata above and below the mined 
seams because of increased fracturing and caving into areas of lower pressure. The size 
of the de-stressed zone which defines the gas emission zone and the subsequent rate of 
gas flow into the workings are dependent on coalface length and height, seam depth, 
strata strength and proximity of other workings (Eltschlager et al., 2001). 
In different methane prediction methods, the extension of the gas emission zone has 
been represented as a prism overlying and in some cases underlying the longwall panel. 
Most methods have assumed a rectangular prism; however triangular prisms and semi-
cylinders have also been used. The French and German methane prediction methods 
consider an emission zone in the shape of a parallelogram of different heights above and 
below the mined seam. Outside this limits it is assumed that no methane would enter the 
mine workings. In France Gunther's method from designed around 1965 was 
implemented by Jeger (after Curl, 1978) by re-defining the extension of the emission 
zone from +100m to +170m in the roof and from -100m to -55m in the floor. 
Figure 3.2 Different shapes of emission zone above a mined longwall panel. 
The extension of the emission zone in the German prediction method suggested by 
Winter (1975) is dependent on a parameter quantifying the strength of the strata. In 
practice the emission zone extends between 164m to 212m into the roof and 41m to 
85m into the floor. As it has been described the estimation of the extension of the 
emission zone is mainly empirical and it is based on the characteristics of the local 
conditions of the different coal basins. 
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In the UK, Airey (1971) estimated a degassing zone up to 140-160 metres above and 60 
metres below the longwall while Creedy (1988), estimated that, for longwall faces of 
250 metres, the degassing zone may extend up to 160-200 metres into the roof rock and 
as far as 70 m below the seam being worked (Figure 3.3). 
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Figure 3.3 Gas emission zone around an advancing longwall face (after Creedy, 1988). 
Noack (1998) suggested that the effect of mining on the strata could extend up to 260 m 
above and 100 m below the worked seam, the interval from 130 m above to 50 m below 
being the most affected. 
3.2.2 Degree of Gas Emission 
As mining takes place, the degree of gas emission within the emission zone is defined as 
the percentage of gas released from the strata at a specific level. The gas left in coal 
seams left after mining is considered to be the difference between the in situ gas-in-
place and the total amount of gas emitted over the entire mining period. This residual 
gas will not be evenly distributed throughout the abandoned mine. A gradient of residual 
gas content exists in the coal seams where the coals close to the mined-out regions are 
degassed to a greater degree. 
The major difference between various methods of methane emission prediction rests 
with the actual curves used to establish the contribution of gas emissions from sources 
above and below the workings. 
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Curves showing the percentage of strata-relaxation (gas-emission) contributions from 
roof and floor gas sources (adjacent coal seams) are a function of distance from the 
worked coal seam (Boxho et al., 1980). The different shape of these curves is a direct 
result of the different mining and geological conditions. 
The degree of gas emission using the German method (Winter, 1975) is dependent on 
the weakness number It, a parameter quantifying the strength of the strata. The value of 
the weakness number pt depends on the ease with which the strata surrounding the 
worked seams fractures and permits methane flow. Strata 20 metres above and 8 metres 
below the workings are assumed to be completely degasified. 
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The extension and degree of gas emission within the emission zone into the roof (AR ) 
and into the floor (AF ) is expressed by the following equation: 
AR =100 exp(— p(h — 20)) 
	
3.2 
AF =100 exp(# + 8)) 	 3.3 
Where values for the weakness number IA are presented in Table 3.1: 
Table 3.1 Strata weakness number for Winter's (1975) method. 
strong medium weak 
PR  0.016 0.014 0.012 
/F 0.070 0.050 0.030 
Degasification curves employed by the British Coal industry (Curl, 1978; MRDE 1980) 
are presented in great detail later in this Section accompanying Airey's theory of gas 
emission from broken coal. Airey's (1968, 1971) method was unique within the 
European context in that the time dimension was introduced to the predictions. 
One major difference between the methods used to predict the rate of gas emissions into 
mine workings is their consideration of methane emissions from adjacent non-coal 
strata. In France, Belgium and Germany the non-coal strata is given a hypothetical gas 
content which is expressed as a percentage of the content of the local coal seams. 
Typical values are 1% of the coal methane content for shales and 10% for coarse grained 
sandstones. In the UK the MRDE method is capable of considering emissions from non 
coal strata if they are found to be significant but no standard procedure which assumes a 
percentage of the coal gas content was derived (Curl, 1978). 
3.2.3 Airey's Model for Methane Emission into Mine Workings 
The methane prediction model developed by the National Coal Board (MRDE, 1980), 
based on Airey's (1971) model, has been extensively used in the UK. Airey extended his 
work from laboratory experiments to prediction of gas flow into longwall workings by 
accounting for different coal sizes according to the distance from the exposed face. 
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Airey was able to define the level of gas emission around a longwall panel by 
introducing a variable time factor ti as a function of the distance from the longwall face. 
x = 0 being the zone of maximum stress in front of the coal face, an exponential 
distribution was used for the seam being worked. 
( 	\ 
t1 = to exp X x 0 	 3.4 
where x represents the distance ahead of the position of the maximum stress (front 
abutment), x, is a distance constant and to is the minimum time constant in hours, which 
occurs at and behind the front abutment position, i.e., t1 = to if x 5 0 . In practice, this 
exponential relationship determines how steep the pressure gradient is in the vicinity of 
the workings. 
In order to determine the gas contribution from adjacent seams, Airey assumed that 
surfaces of equal ti in the strata were coincident with surfaces of equal value of the 
principal stress ratio. Analytical solution for stresses around a coalface were employed 
to compute the distribution of time constant around the face of a bituminous coal seam. 
Using this theory Airey was able to compute the degasification curves for coal seams 
above and below the working seam according to depth. 
An example of Airey's degasification curve for 900m depth is presented in Figure 3.5 
together with a depth correction graph to apply this curve to other mining depths. In 
terms of the model developed by MRDE (1980) based on Airey's work no mention is 
made to the effect of coal thickness in the adjacent seams. Creedy (1981) indicated that 
results from testing of coal samples from the floor of a mined out area indicated that 
emissions using Airey's prediction method might be overestimated. 
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Figure 3.5 Airey's degree of gas emission function for MRDE (1980) prediction method 
with correction for depth of workings. 
The assumptions underlying Airey's (1971) work are: 
Coal seams consist of lumps which decreased in size with 
increasing stress. 
The crack structure provides conduct for gas flow and it is 
considered to offer negligible resistance to methane flow. 
The rate of gas release from coal depends on the mean size of an 
assumed distribution of homogeneous coal sizes. 
The rate of degassing of the whole lump can be approximated by 
the sum of the rates of degassing of homogeneous pieces if 
separated. 
A drawback of the model is that with the introduction of the crack structure permeability 
looses its meaning. Therefore, despite the attempt to characterise the rate of flow of 
methane in the strata surrounding the mined section according to stress, no connexion is 
made with permeability which is regarded by some researchers as the main controlling 
factor in defining the rate of methane flow in coal (Curl, 1978). While other researchers 
might be less certain, no one doubts that permeability of coal measures strata have a 
considerable effect on the migration and emission of methane in coal mines. 
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3.3 	The Void-Resistance Model for Abandoned Mines 
Previous studies (Couillet et al., 1998; Burrell and Kershaw, 2000) have shown that the 
behaviour of gases in isolated areas of productive mines or abandoned mines can be 
described with the aid of a simple conceptual model, the so called void-resistance 
model. 
The general model for an abandoned mine assumes that the flow behaviour can be 
represented with the inflows of methane and air into a void of a particular volume which 
is also connected to the surface through an extraction system. Simplicity and 
mathematical tractability led to the definition of a conceptual model for gas flow in 
abandoned mines based on simple equations. This approach has been proven successful 
during history match studies of reservoir pressure and gas concentration in abandoned 
coal mines. 
3.3.1 Void Resistance Model Representation of Abandoned Coal Mines 
Couillet et al. (1998) develop a model which estimates the underground pressure and 
methane content as a function of the gas extraction rates from an abandoned coal mine. 
This model was based on a simple mathematical approach which represents the first 
void resistance model for abandoned mine methane reservoirs. Figure 3.6 symbolises 
the physical model, where A and B represents the flow conductivities of the reservoir, V 
is the residual mine void, ps represents the average gas pressure of the strata surrounding 
the mine void, q is the rate of mine gas flow extracted and qn, and q0 are the methane 
and air contributions respectively. 
Figure 3.6 Leaky reservoir diagram. 
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Gas is continuously being emitted from the source rock into the disturbed and mined 
areas. When gas is not being extracted, methane inflow is considered constant. 
However, during gas production, methane inflow is considered proportional to the 
pressure difference between the mine void and the atmosphere. 
Both air and methane inflows into the mine void are considered to be a function of the 
relative depressurisation of the residual void. In the most general form this relationship 
is expressed with the following equation 
OP= pQ x 	 3.5 
Where Q is the rate of gas flow, p is a constant which represents the flow resistance and 
z1P represents the pressure difference of the reservoir respective to the atmosphere or to 
the strata source, depending on the different models. The coefficient x is 2 for turbulent 
flows, such as the mine gas flow in a ventilated gallery, and it tends towards 1 for linear 
Darcian flows. 
The flow of methane from coal is first controlled by diffusion and by Darcy's Law in the 
cleat system. Once it enters the cavities and open underground connections, assuming 
the pressure difference is sufficiently high, it would flow turbulently towards the 
collecting points of the drainage system. However, due to the stoppings provided inside 
the abandoned mine to prevent emissions from the underground system into the shafts, 
gases will accumulate and will eventually filtrate bypassing the sealing walls through 
fissures in the rock surrounding the stopping. This flow, which ultimately reaches into 
the extraction system, can be described with a linear flow function (x =1). Attempts by 
Burrell and Kershaw (2000) to fit a quadratic relationship to the recovery pressure 
function of a tight reservoir have been proven inferior to those assuming linear flow. 
Air leakage, which is primarily localised over the different mine access (Couillet et al. 
(1998), flows out a few hundred metres from the source at the surface primarily 
thorough the filling material used during the sealing of the shafts or through the artificial 
fractures as a consequence of mining disturbance. In both cases, the flow through this 
tight system is also consistent with the physical assumption of linear Darcian flow. 
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The extracted gas is a mixture of desorbed methane from the source rock and fresh air 
coming from the surface. In accordance with the gas retention principle in coal 
described by the adsorption isotherms, this model assumes that the rate of gas inflow 
into the reservoir can be inferred from the linearization of the isotherm curve due to the 
low amplitude of the pressure variation in the abandoned reservoir compared to the 
potential in situ gas pressure of the coal layer. Therefore desorbed gas flows into the 
void gas is regarded as a linear function proportional to the pressure difference between 
the reservoir and the atmosphere. This relationship is expressed by the following 
equation 
qm=a(P0 -10 )±b 	 3.6 
The rates of incoming air are defined directly proportional to the pressure difference 
between the reservoir p and the atmosphere Po. This linearity is based on the high 
resistance between the abandoned mine and the surface as consequence of the extensive 
sealing to isolate the reservoir. This relationship is expressed by the following equation 
qa= B(P0 — p) 	 3.7 
The total inflow of gas is therefore 
qP 	a(Po — p) + b 	 3.8 
where 
a =a+ B 	 3.9 
Where b represents the methane desorption capacity of the reservoir. 
The predictions from two mines in France were reported to present an average error 
between the measured and estimated emissions of less than 10% for the two years data 
set. However, at particular periods, the estimations presented larger errors which were 
attributed to the limitations of the model formulation, particularly during the recharge 
period, as the pressure inside the mine void approached barometric. The overall validity 
of the model can be judged from Figure 3.7. 
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Figure 3.7 Historical pressure match at the Peyerimhoff mine (after Couillet et al., 1998). 
The model parameters used in the pressure history match are chosen empirically by 
curve fitting the estimated and measured reservoir pressures plotted in Figure 33. The 
model was calibrated with experimental data from the drainage system of two 
abandoned mines of the Loraine basin in the East of France. The values of the 
parameters deduced from the calibration process are included in Table 3.2. 
Table 3.2 Peyerimhoff mine model parameters (after Couillet et al., 1998). 
Parameter Value Units 
V 17 x 106 m3  
a 0.75 m3 day' Pa-I 
B 1.88 m3 day' Pal  
a 2.63 m3 day' Pa-t 
b 45,000 m3 day-1  
3.3.2 Void Resistance Model in Tight Reservoirs 
Some abandoned mines where low mining activity has taken place and a good effective 
sealing is put in place constitute a special type of gas reservoir. This type of reservoir, so 
called "tight reservoirs", are effectively isolated and therefore mine gas does not escape 
to the atmosphere. Instead, the flow of gas into the residual void contributes to a rise in 
the pressure inside the reservoir until it reaches an equilibrium pressure. 
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This particular reservoir constitutes a simplified case of the general void-resistance 
model. The diagrammatic description of this reservoir is presented in Figure 3.8. Burrell 
and Kershaw (2000) developed an empirical equation to describe the pressure behaviour 
of a void resistance model for tight reservoir conditions. The abandoned mine is defined 
by a model dependent on three parameters, the effective volume V, the flow resistance k, 
and the gas pressure in the surrounding strataps. 
V 
q 	 P 
Figure 3.8 Tight reservoir diagram. 
During extraction, the pressure in the void decreases significantly and therefore the rate 
of gas inflow into the void is represented by a function of the void pressure p and the 
strata pressure ps. Burrell and Kershaw (2000) proposed a linear relationship describing 
the proportionality between pressure and gas inflow 
q,» = A(p s — p) 	 3.10 
where A is the methane inflow conductivity constant and qn, represents the rate of inflow 
into the void. In tight reservoirs, the strata pressure ps can be estimated from the long 
term shut in pressure. However, gas pressure in the surrounding strata does not yield a 
constant value, instead it varies according to the degree of disturbance from the mining 
activity which is proportional to the distance to the mined areas (Cur1,1978). 
The void pressure increases due to the inflow of gas from the surrounding strata, which 
in turn would be proportional to the pressure. This relationship between pressure and 
time is assumed to follow and exponential rule of the form 
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( 
P 	Pt + (Ps — Pi)l — e 1" )  
where pi is the initial void pressure and to is a constant dependent on the void volume V 
and the flow resistance. Strata pressure Ps can be found empirically from the pump down 
phase. The void volume and the methane conductivity are determined by best-fit 
approach to the measured pressure function. 
The constant to represents the time at which 63.2% of the pressure recovery has 
occurred. This constant is defined as a function of the reservoir volume V, the gas 
inflow conductivity A and the barometric pressure po according to the following 
expression 
V to = 	 
Apo 
3.12 
The exponential function for the pressure recovery curve is evaluated with several sets 
of measurements confirming the validity of the model in tight reservoirs. Comparison 
between data and actual recharges using the above equations is reported to show good 
fits, in general. 
3.3.3 Summary of the Void-Resistance Models Reviewed 
The French (Couillet et al., 1998) void-resistance model assumes gas and air inflow 
contributions are both dependent on the relative pressure difference between the void 
and barometric pressure. This simplifies the physical model leading to a solution which 
is thought of limited use to the particular conditions where source gas strata and 
barometric pressure have similar values. Due to the simplification of the model 
construction and despite accurate pressure history match results very little information 
can be extracted about the reservoir. Only one parameter in Couillet et al., (1998), i.e. 
residual mine void V, has a physical meaning. However, there is no methodology to 
estimate the residual volume; instead the estimation is based on an empirical approach. 
The main difference between the French (Couillet et al., 1998) and the UK (Burrell and 
Kershaw, 2000) models is the inclusion, in the later one, of a gas inflow term dependent 
3.11 
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on the strata gas pressure. However, despite presenting a conceptual improvement, 
Burrell and Kershaw (2000) model is based on an empirical exponential equation to 
match the observed rapid pressure increase of tight reservoirs during recharge periods. 
Therefore, presenting no real improvement in the void-resistance approach but only 
highlighting the reservoir behaviour. 
Despite a valid mathematical approach, the French model (Couillet et al., 1998) fails to 
represent a general abandoned mine reservoir. On the other hand, the Burrell and 
Kershaw (2000) model is only applicable to tight reservoirs, furthermore, it is based on 
an empirical relationship. The review of the void resistance models has shown that the 
gas behaviour of an abandoned mine can be described with a simple conceptual model. 
However, the existing models rely on empirical processes to estimate the reservoir 
pressure or to calibrate the model parameters. 
Based on the success and limitation of this simple approach an improved formulation 
which includes a mathematical methodology applicable to leaky and tight reservoirs to 
estimate the model parameters and estimation of reservoir pressure developed by the 
author is presented in Chapter 4. 
3.4 	Methane Flow Simulation Using Numerical Models 
Advanced numerical models present an opportunity to realistically simulate methane 
release and flow through the fractured rock mass in response to longwall operations and 
without resorting to field experimentation. 
King and Ertekin (1991, 1995) described three main kinetic models that are used to 
describe desorption and recovery of methane from virgin coal seams in CBM (Coalbed 
Methane) simulators. These models are classified by their treatment of the gas 
desorption process as equilibrium sorption and non-equilibrium sorption models. 
Equilibrium, or instantaneous, sorption models are models which assume that the 
adsorption/desorption from coal surfaces and diffusion through the micropore system is 
sufficiently rapid, so that equilibrium with the gas pressure is continuously maintained. 
The validity of this assumption is determined by comparing the rate of diffusion to the 
rate of laminar (Darcy) flow. 
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In contrast with the equilibrium formulation, in the non-equilibrium formulation the 
adsorbed gas in the primary porosity can be assumed not to be in contact with the free 
gas in the secondary porosity. Therefore, the sorption model under this assumption must 
account for the kinetics of gas desorption from internal surfaces and diffusion through 
the primary-porosity system. Two approaches have been used for the non-equilibrium 
formulation, the pseudo steady-state formulations and unsteady-state formulation. 
All the models are derived on the assumption that Darcy's Law can be used to model 
gas flow. Further modifications to these models have been implemented for use in for 
use in abandoned mines (Durucan et al., 2004). These models are reviewed later on in 
this Chapter. 
3.4.1 Equilibrium Sorption Models 
The gas-transport equation used to describe the equilibrium sorption process is similar 
to that used to model gas flow through conventional reservoirs, with a minor 
modification to the storage term to allow for adsorption. The gas-phase mass-balance 
equilibrium has the following form (King and Ertekin, 1991): 
v 	 ( ak,,e /  pg )vogi ( 1,000p„T) 
gsc 
= p \ at ) pg 	 Tic 
  
(45gPg HP TY z 	T 
3.13 
  
where Veq is an adsorption isotherm that is a function of the free gas pressure. The 
water-phase mass-balance equation is 
[ 	
(Aviv ) 
V • (aka  VoI),, —5.615q:,, = 0/at) r--  
0-1,,,B,, 	 lii, 
3.14 
Equations 3.15 and 3.16 are coupled through the use of an auxiliary relationships 
relating saturations and capillary pressure: 
Sg = S ) , =1.0 	 3.15 
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and 
Pc(S„) .= 
	 3.16 
Initial and boundary conditions for Equations 3.13 and 3.14 are identical to those of 
conventional gas reservoirs. 
3.4.2 Non-Equilibrium Sorption Models 
Two approaches have been used to the non-equilibrium formulation, the pseudo steady-
state formulations and unsteady-state formulation. Both models are modified forms of 
the dual porosity models of Warren and Root (1963) and de Swaan (1976), respectively. 
Modifications to these models arise because the reservoir fluid in gas reservoir is highly 
compressible, gas storage in the primary-porosity system is an adsorption process, and 
gas transport through the primary porosity system is a diffusion process. 
3.4.2.1 Pseudo-Steady State Approach 
The pseudo-steady-state approach is a semi empirical approach that describes gas 
transport through the primary porosity with a discretised form of Fick's first law. The 
unsteady-state approach is fully analytical and describes gas transport through the 
primary porosity with Fick's second law. 
In the pseudo-steady-state approach, gas transport is governed by the following set of 
coupled equations, according to King and Ertekin's (1991) review, the secondary 
porosity, gas-phase, mass-balance equation, 
[[cdc.g k2 low g- C 
, (M at) 02S g2Pg2) 	 3.17 
l(pg2 Ti (1,000p, (pjj= 
q 	+ 
g Z 
and the primary-porosity, gas-phase- mass-balance equation, 
dVg1 D
I
a(V —V ) 
eq 
3.18 
dt 
where a is the shape factor introduced by Warren and Root (1963). 
The coupling equation is 
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dV 
a' F gI  
g dt 
3.19 
where Fg  is a geometry-dependent factor; a and Fg have different values for different 
primary-porosity matrix geometries. 
3.4.2.2 Unsteady Steady State Approach 
The unsteady-state approach uses the same secondary-porosity equation for gas transport 
Equation 3.20 and the following primary-porosity and coupling equations 
q: _[(
AI DI Tavg,I 
V 	a 	
=R, 
bi A ri AI  
Di a (, av,) avg,  
r 	ar, 	at 
where in Equation 3.21, I is a coordinate index equal to zero for slabs, one for cylinders 
and two for spheres. 
The conditions in abandoned mines are such, i.e., highly disturbed strata, enhance 
permeability and low reservoir pressures that the diffusion process is believed to be 
significantly faster than the laminar process and therefore the equilibrium approach is 
adequate for engineering calculations. Modelling abandoned coal mine methane (AMM) 
is different from conventional gas (CBM) in several respects: 
- The void volume resulting from the mining must be taken into account both 
as a gas storage area and as a conduit to the extraction point; 
- The permeability to gas of the disturbed coal and strata above and below the 
mined seam is enhanced because of the fracturing related to stress relief 
caused by mining; and, 
The modelled pressure regime is low; generally below atmospheric if suction 
pumps are used to extract the gas. 
The only example found in the literature regarding the application of a CBM simulator 
to model abandoned mine conditions refers to METSIM, an in house gas-water two-
phase CBM simulator developed at Imperial College London (Durucan et al., 2004). 
The implementation of METSIM at the Santa Barbara-Frankenholz mine complex will 
be described in Chapter 6. 
3.20 
3.21 
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3.5 	Numerical Modelling of Gas Emissions around Longwall Faces 
Esterhuizen and Karacan (2005) described the application of a finite difference model to 
develop a geomechanical model that predicts permeability changes within the rock 
mass. The calculated permeabilities were used as input to a reservoir simulator that 
models methane desorption from the coal matrix, methane release from the layers and 
flow towards the mine excavations. 
The reservoir model was constructed using Computer Modelling Group's compositional 
reservoir simulator, GEM, which is an efficient, multidimensional, equation-of-state 
(EOS) compositional simulator that can simulate the dual porosity behaviour of 
coalbeds for coalbed/enhanced coalbed methane recovery. The dual-porosity approach is 
the most widely used technique for coal and coal-rock composite reservoirs In this 
formulation, fracture-fracture, and matrix fracture transfers are allowed. In order to 
handle fluid compositions and sorption/desorption time delays, compositional non-
equilibrium models are generally used for coal layers. 
The study mine operates in the Northern Appalachian section of the Pittsburgh Coalbed 
in Greene County, Southwestern Pennsylvania, USA. In the area, mining depths ranged 
between 152 and 274 m. Longwall panels in the primary study area were approximately 
300m wide. 
A two-staged approach was followed to develop models of methane emissions and flow 
around longwall mines. The first stage was to simulate the geomechanical response of 
the rock mass to longwall mining using FLAC2D finite difference code. The program 
was used to calculate the stress changes, extent of rock fracturing and bedding plane 
shear. The output of the FLAC models was used to calculate likely permeability 
changes, based on empirical relationships. 
The model dimensions were 400 m wide by 350 m deep to simulate a longitudinal 
section through a longwall panel. The models included the ground surface, the 
Pittsburgh Coalbed at 180 — 200 m below the surface and the surrounding roof and floor 
rocks. Element sizes varied, but were selected so that the element size was 1 m in the 
zone of interest, near the longwall face. Element sizes increased with increasing distance 
from the area of interest. 
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Permeability changes were calculated for both stress changes and rock fracturing. An 
exponential relationship was used to compute the effect of stress changes on rock mass 
permeability after the work of Ren and Edwards (2000) and Lowndes et al. (2002). 
Figure 3.9 shows the results of FLAC model results of a vertical longitudinal-section 
through an advancing longwall face showing horizontal permeability contours, rock 
fracturing and bedding plane shear. 
Figure 3.9 FLAC model results of an advancing longwall face (after Esterhuizen and 
Karacan, 2005). 
Verification of the model output was carried out by comparing the methane 
concentrations from the gob vent borehole calculated by the simulator with the field 
measurements. Figure 3.10 shows the actual and simulated gas production rates for a 
total of four wells (one well from each panel in a four panel area) from the calibrated 
model. As can be seen from this figure, the match with the field measured data was 
satisfactory. 
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Figure 3.10 Comparison of observed and simulated gas production rates from one gob 
ventilation borehole (after Esterhuizen and Karacan, 2005). 
A most recent contribution to the study of 2D and 3D gas flow processes around 
working longwall panels using commercial FLAC codes was carried out by Whittles et 
al., 2006. A numerical simulation to identify the three-dimensional stress redistribution 
around the Longwall Panel 43 at Parkgate seam in Thoresby colliery, Nottinghamshire, 
was constructed to provide information to the ventilation engineers on the likely gas 
sources and flow paths in to the longwall panel.. 
Coal production from the Thoresby colliery is restricted to the Parkgate seam at 770m 
beneath the surface. Panel 43 in the Parkgate seam consists of a retreat longwall panel 
with 270m wide face, a coal thickness of 2m and a proposed length of 2,000m for the 
longwall panel, Figure 3.11. 
Whittles et al. (2006) carried out permeability measurements for intact and fractured 
coal measure siltstone samples using the test procedure developed by Durucan (1981) at 
Nottingham University. From the analysis of the permeability measurements, an 
empirical relationship between confining stress and permeability of the fractured planes 
was developed for coal measures strata to estimate the model parameters. 
63 
Chapter 3 Methane Prediction Methods 
Figure 3.11 Layout of projected longwall panels in the Parkgate seam, Thoresby Colliery 
(after Whittles et al., 2006). 
In order to model the deformations occurring around underground excavations a rock 
mass property characterisation of the surrounding coal and coal measures strata was 
created. The rock mass classification was then used to generate the strength and stiffness 
parameters of the geomechanical model. 
The model was formed of 560,000 blocks of varying dimensions. Smaller blocks of 2m 
x 5m x 5m were employed within areas of high stress and larger blocks of 10m x 5m x 
5m were used in the areas further away from the excavation. The dimensions of the 
model geometry are presented in Figure 3.12. 
Figure 3.12 The geometry of the longwall mode using a vertical plane of symmetry (after 
Whittles et al., 2006). 
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The initial vertical stress distribution was assumed to increase linearly with depth due to 
the weight of the overlying strata from zero MPa at the surface to 26.75MPa at the 
bottom of the model at 1,070m depth. Horizontal stress values within the Parkgate seam 
were assigned using a factor of 0.88 multiplied by the overburden stress. The model 
predicted a yield zone approximately at 10m (see Figure 3.13) and in range with the 
theoretical stress distribution estimated by Durucan (1981) for coal seams around 
working longwall faces, as seen in Figure 2.18 for a longwall panel at 500m depth. 
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Figure 3.13 The predicted extent of the front abutment stress zone (after Whittles et al., 
2006). 
The FLAC model results indicated that 90% of the compactation of the goaf occurred at 
a distance from the face line grater than 120m. A series of 2-D numerical models were 
constructed for the prediction of fractures within the rock strata. A fine grid of 280,000 
blocks was designed around the face line of the longwall panel within a plane extending 
1,080 metres in the horizontal direction and 900 metres in the vertical. 
The geomechanical model constructed for Panel 43 was then used for gas flow 
predictions. The strata permeability developed around the longwall panel represented 
four regions of different permeability. These were, the intact rock strata, the zone of 
broken strata, the zone of fully developed fractures and the zone of collapsed goaf. The 
zones of different strata permeabilities developed around the longwall panel as a 
consequence of the fracturing and redistribution of in-situ stresses can be seen in Figure 
3.14. 
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Figure 3.14 Fracture permeability and goaf permeability around the Longwall Panel 43 in 
Thoresby Colliery (after Whittles et al., 2006). 
From Figure 3.14 it can be observed that the major source of gas occurs within 20m 
above the goaf strata. Gas velocity vectors predicted by Whittles et al. (2006) show the 
dominant flow paths from Deep Hard seam to Parkgate seam into the gate road and also 
into the roadway via the goaf (Figure 3.15). 
ruammurn flow vector 5.012 x 10 m sec 	methane boreltoks 
Figure 3.15 Gas velocity vectors showing flow patterns around the tailgate (after Whittles et 
al., 2006). 
The simulations reported by Whittles et al. (2006) required a large amount of input data 
to characterise the geomechanical conditions, therefore a generic model was suggested 
for future work. However, the construction of an entire abandoned mine using this 
approach cannot be considered due to the large and intricate relationships between the 
de-stressed areas around each underground opening. 
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3.6 Previous Numerical Modelling Studies on Abandoned Mine 
Methane Prediction 
A series of commercial models and research codes that have applied, with certain degree 
of success, to abandoned mine gas recovery scenarios are reviewed. This section 
includes a review of the current models highlighting the lessons learnt from these 
studies as well as the limitations that gave room for model improvements during current 
research. 
3.6.1 CFD Simulation of Fugitive Emissions from Abandoned Mines in the US 
In an attempt to quantify the overall methane emissions from thousands of abandoned 
mines in the U.S, EPA developed a CFD model to estimate the rate of fugitive gas 
emission from abandoned mines as a function of time since abandonment based on the 
hyperbolic decline curves reported from empirical measurements by Kirgnessner et al. 
(2001) and Cote (2000). 
It was observed that following an initial rapid decline, abandoned mines can liberate 
methane at a near-steady rate over an extended period of time, or if flooded, may 
produce gas for only a few years. A number of factors were identified from this study to 
impact the rate of gas emissions at abandoned mines, including: 
(1) Time since abandonment, 
(2) Gas content and adsorption characteristics of the coal, 
(3) Methane flow capacity, 
(4) Flooding, 
(5) Presence of vent boreholes, and 
(6) Effective seals. 
The abandoned mines emission inventory (Kirgnessner et al., 2001) was based on 230 
mines known to have closed since 1972 and an estimated 145 mines closed from 1920-
1971. During the period 1991 to 2000 an additional 144 mines that were closed in that 
period were identified and included in the inventory (Cote, 2000). 
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Figure 3.16 Dimensionless decline curve for non-flooded actively vented abandoned mine 
(US EPA, 2004). 
A CFD model was configured to simulate a single component (methane), single-phase 
system for a period of 100 years. The abandoned mine void was assumed to be 10% of 
the total bulk volume. The remaining volume was coal in communication with the void 
volume. The model was initialised at around 138kPa in the void while the minimum 
reservoir pressure was limited to one atmosphere (101.325kPa). 
The base coal permeability was set at 10-151112 and the average adsorption isotherm for 
the Central Appalachian coal basin was used as the adsorbed methane storage function. 
Figure 3.17 shows the resulting methane decline curve. 
The model relies on the estimation of four parameters to define the rate of methane 
emissions at each particular abandoned mine. These are the initial gas emission rate at 
the time of abandonment, the coal's adsorption isotherm, the coal permeability and the 
mine pressure at abandonment. The mine-specific values such as permeability and 
pressure at time of abandonment are based on a probability distribution. Values for the 
coal permeability are selected within three orders of magnitude (10-16, 1015 and 1014m2) 
for the low to high input model values. 
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Figure 3.17 Decline Curve results from CFD model (after US EPA, 2004). 
Although the level of uncertainty observed in the EPA model parameters is considered 
acceptable within the large scope of the study carried out, an abandoned mine is a 
heterogeneous system with highly variable permeability. Further research using more 
advance modelling techniques based on a more detailed characterisation of the 
abandoned mine is reviewed in the following sections. 
3.6.2 Methane Recovery Simulation at Golden Eagle Mine 
Golden Eagle mine began producing coal in 1978 and ceased production in December 
1995 due to economic losses. During its operation, the mine drained methane from gob 
wells to control gassiness. After Basin Resources abandoned the mine, Stroud Oil 
Properties Inc. began a methane recovery project in 1996. 
Coal has been extracted from the nearly horizontal Maxwell seam at an average depth of 
300m metres with an average thickness 2.6 metres. Two thinner coal seams are placed 
above the Maxwell seam as seen in Figure 3.18. The Red seam is placed 30 metres 
above the Maxwell seam, while 60 metres above the Red seam is the Blue seam. These 
seams have thicknesses of 0.8m and 0.1 to 3.2m respectively. Figure 3.18 present 
ROOFGAS overburden relaxation model results in determining the extent of the roof 
strata involvement in gas migration from the Maxwell seam. 
Since the start of the AMM project, a total of 17 boreholes and 3 ventilation shafts have 
produced gas for sale to the pipeline. However, some boreholes could not accept 
vacuum without causing air leakage, resulting in high oxygen concentrations in the 
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produced gas. This was attributed to split casing due to relaxation and subsidence of the 
strata. The ventilation shafts, originally believed as the best means for an efficient 
production, ultimately proved non-usable due to near-surface cracks in the concrete seal 
that allowed air to enter when vacuum was applied. The rate of gas production was 
around 50,000 m3 of near pipeline quality gas per day from six boreholes. 
The ROOFGAS commercial model, originally intended as a methane prediction tool at 
longwall mining operations, has been used in combination with Porflow model, a finite 
difference model for fluid flow through porous media, to conduct a gas potential 
assessment at Golden Eagle Abandoned Mine in the Raton Basin, Colorado (Hupp et 
al., 1999). ROOFGAS model (Lunarzewski, 1998) was employed to estimate the 
potential extent of roof strata involvement in gas migration over a longwall panel at the 
abandoned mine. 
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Figure 3.18 Roofgas relaxation model results at Maxwell seam - Golden Eagle abandoned 
mine (after Hupp et al., 1999) 
As can be seen from Figure 3.18, the emission zone generated by ROOFGAS does not 
compare well with the extension of the fractured zone reviewed in the mine strata 
mechanics studies presented in Chapter 2. Porflow model does not account for the 
double porosity structure of coal, and therefore it does not account for the diffusion 
process. 
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ROOFGAS simulation above Maxwell Seam at Golden Eagle abandoned mine 
indicated that most of the gas originally in the gob has migrated into the workings and 
been emitted. Porflow simulation indicated two significant features of the gas migration 
into the workings. The first is that the hydrostatic pressure in the relaxed roof strata is 
reduced to atmospheric. This led the researchers to think that the gas migrating into the 
workings is almost all from the coal remaining at the margins of the mined-out 
workings. 
The second significant feature is the high pressure "bulge" in the vicinity of the Red 
Coal Seam. This result indicates that the Red Coal Seam is a major contributor to the 
gas migrating into the workings as predicted by ROOFGAS residual gas content 
analysis. 
3.6.3 Methane Production Simulations at the Santa Barbara-Frankenholz 
Abandoned Mine Complex 
Methane production simulation in an abandoned mine using a reservoir simulator was 
first reported in the literature during a study on gas extraction from the Hangard shaft at 
Santa Barbara-Frankenholz abandoned mine complex (Durucan et al., 2004). Gas 
production at the Hangard shaft was modelled using METSIM a numerical model 
developed at Imperial College. The main objective of this project was to demonstrate 
and validate the functionality of METSIM as a tool to model methane production rates 
in abandoned coal mines 
This Section presents a review of the previous numerical modelling study carried out at 
the Santa Barbara-Frankenholz abandoned coal mine complex by Durucan et al. (2004) 
in order to highlight the strengths of numerical modelling, as well as the shortcomings 
of the assumptions made. 
The original model equations of METSIM (Appendix A) were modified to simulate 
abandoned mine methane reservoir conditions by working with partial gas pressures. 
The modified simulator has been applied to model a simplified section of Frankenholz 
abandoned mine in the Saar Coalfield, Germany (Durucan et al., 2004). The abandoned 
mine model developed using METSIM was based on a simplified approach which 
identifies and correctly characterise some of the main parameters which are required to 
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model and understand the behaviour of an abandoned mine as a gas reservoir using a 
modified CBM simulator. 
In this first attempt to apply METSIM to the simulation of abandoned mine methane 
production , the mine was represented by a lumped model where all coal measures were 
superimposed adding up to a total coal thickness of 40m. The overall area was divided 
into two sections according to the level of mining disturbance. The areal model domain 
was limited with reference to three main faults surrounding the mined-out region which 
are assumed, based on field observations by DSK, to form a barrier for gas flow in the 
region. 
Figure 3.19 shows a schematic of the areal model developed by Durucan et al (2004) for 
the Hangard shaft. The area located in the right hand side of the domain (I) has been 
extensively mined over many seams while the area situated on the South West corner of 
the model (II) has been hardly mined. The model domain covered a total area of 
approximately 7.1 Mm2, with the mined region (I) and "unmined" region (II) occupying 
an area of 5.1 Mm2 and 2 Mm2 respectively. 
Figure 3.19 Permeability characterisation in the model domain (after Durucan et al., 2004). 
An enhanced permeability zone was defined for the mined region, as seen in Figure 
3.19, to reflect mining-induced changes on seam permeability. The permeability in this 
region, which was expected to be at least one order of magnitude higher than the virgin 
seam permeability (assumed to be 10-12 m2) was determined from history matching of 
the field production data. 
In order to account for the gas emission that took place during mining operations and 
before the start of abandoned mine methane extraction in 1961 a pre-production period 
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was included in the simulation whereby 2,200 Mm3 of methane is drained from an 
imaginary shaft situated at the centre of the mined region. When the pre-defined amount 
of methane has been drained, the production switched to Hangard shaft. 
The magnitude of the enhance permeability was determined from history matching of 
the field production rates. Figure 3.21 shows the simulation results for three enhanced 
permeability values, 3x10-14, 4x10-14 and 5x1014 m2. The pre-extraction production 
period required ranged from 6,120 days (16.7 years) for the highest permeability value 
assigned to 9,840 days (27 years) for the lowest permeability used. 
Figure 3.20 Hangard shaft history matching results (after Durucan et al., 2004). 
The results shown in Figure 3.20 suggested that the history-matched permeability for the 
mined region is likely to fall in the range between 4x10-14 and 5x10-14 m2, taking into 
account the impact of rising water level on methane production. Since 1994, the 
methane production at Hangard has been under operational control to meet the variable 
demands of the market reaching an estimated annual methane production of 7.7 Mm3 to 
8.7 Mm3. The mean production value of 8.2 Mm3 represents a 14% reduction in 
production compared to the model predictions achieved using a permeability value of 
4x10-14 m2. 
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(a) 
	
(b) 
Figure 3.21 Simulated methane (partial) pressure distribution in abandoned Frankenholz — St. 
Barbara Collieries in (a) 1960 and (b) 2000 (after Durucan et al., 2004). 
Figure 3.21 illustrates the modelled pressure distribution after mine closure and after 40 
years of gas production in the year 2000 for the enhanced permeability value of 4x10-14 
m2. The figure shows that the abandoned mine region has been preferentially depleted 
due to the enhanced permeabilities assigned there. Note the shift in the position of low 
pressure sink, once methane production is transferred from the imaginary extraction 
point in the centre to the Hangard shaft after 1960. 
Further details of the application of METSIM at the Santa Barbara-Frankenholz mine 
complex by the author is included in Chapter 6, together with the development of a 
three-dimensional mine model for Santa Barbara-Frankenholz abandoned mine and a 
methodology to characterise abandoned mines as gas reservoirs for simulation purposes. 
3.7 Conclusion 
Commercial models such as ROOFGAS and FLOORGAS (Lunazrewsky, 1998) have 
been used to estimate the rate of methane emission from a number of longwalls in a 
mined section of an abandoned coal mine operation. CFD models can also be used to 
simulate flow in porous media. CFD models have been used to model methane flow 
around longwall panels (Ren and Edwards, 2000) and in abandoned mines (Hupp et al., 
1999). However, the only CBM numerical simulator validated using a methane 
production history match study from an entire reservoir and reported in the literature is 
METSIM (Durucan et al., 2004). This model was used together with a newly developed 
abandoned mine gas emission zone integrated into a 3-D modelling concept in this 
thesis. The results obtained from this simulation will be presented in Chapter 6. 
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Chapter 4 	Improved Void Resistance Model 
4.1 Introduction 
Chapter three presented a review of the void resistance model together with other 
models used in predicting gas emission in coal mines. This review demonstrated the 
applicability of the void resistance approach to abandoned mine methane projects and 
exposed some of its weaknesses. This chapter presents the development of an improved 
void resistance model, which embraces the models developed by Couillet et al. (1998) 
and Burrell and Kershaw (2000). 
As described in Chapter 3 the void-resistance models reviewed relied on the empirical 
characterisation of the parameters defining the reservoir model. The model developed in 
this research offers an improvement on the general formulation of the void-resistance 
model. This is achieved by integrating a gas inflow term proportional to the pressure 
difference between the void and the strata, as described by Burrell and Kershaw (2000), 
into a general model which can be applied to leaky and tight reservoirs. 
The improvement of the model formulation is seen in the methodology used to estimate 
the residual mine void, flow conductivities and strata gas pressure. This new 
methodology has been validated using data from the Peyerimhoff abandoned mine 
reservoir in France and Markham and Monk Bretton abandoned mines in the UK. The 
results from these validation studies are included in this Chapter. 
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4.2 	Development of an Improved Void Resistance Model 
The mass balance of an abandoned mine can be defined according to the law of 
conservation of mass. This law, applied to an abandoned reservoir, consists of 
"positive" and "negative" flows in and out of the mine void respectively: 
dm = dmin  dmout 	 4.1 
dt dt dt 
The behaviour of gases at high pressures or very low temperatures changes dramatically 
from that predicted by the Ideal Gas Law. However, at pressure and temperature 
conditions of abandoned mines it is possible to describe the gas behaviour according to 
the Ideal Gas Law PV= mRT. At any instant the mass of methane in the void is 
proportional to the mine void pressure p. Free mine gases are considered homogeneous 
at a density p = p/RT. 
Equilibrium, or instantaneous coalbed gas models assume that the desorption/diffusion 
process is sufficiently rapid that the kinetics of the process can be neglected (King and 
Ertekin, 1991). This formulation is adequate when the diffusion process is faster than 
laminar process. This seems to be the case in abandoned mines where very large coal 
surface areas are exposed and gas is continuously given off into the cleat system at fast 
rates. The inflow of methane into the mine void can be described by a term proportional 
to the difference between the source pressure ps and the void pressure p according to 
Burrell and Kershaw (2000). This relationship is expressed by the following simple 
equation: 
q„, = A(p, — p) 
	
4.2 
where A is the recharging conductivity constant. The amount of air entering the reservoir 
is defined by the following expression: 
= B(P0 -P) 
	
4.3 
where B is the leakage conductivity constant and po is the barometric pressure. 
According to the physical model description the general mass balance equation for an 
abandoned mine reservoir may be written as: 
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d Vp p 
dt ( RT )=  RT Qr 
4.4 
where p, V and T are the reservoir void pressure, volume and temperature respectively, 
R is the universal gas constant, and Q, is the volumetric rate difference between the 
inflow of gas qm and air qa and the quantity of produced gas q. Two scenarios are 
considered to validate the formulation proposed: leaky and tight reservoirs during 
recharge and constant production periods. 
4.2.1 Model Equations for Leaky Reservoirs during Production Phase 
The description of leaky reservoirs with the void resistance model represents the general 
conditions for any abandoned mine reservoir as it accounts for methane inflow and air 
leakage into the mine void. In the most general case the volumetric rate of an abandoned 
mine is described with the following term: 
Qr = A(ps  — p)+ B(po — p)— q 	 4.5 
Under constant void volume V and temperature conditions T, the mass balance of a 
leaky reservoir during gas production at a constant rate q is defined by the following 
equation: 
dp 
= 
p
[A(p, —19 )+ B(Po — p)-9] 
Equation 4.6 can be rearranged into the following expression: 
dp 	p(A + B) 
s"— P dt 	V 
Where 
P s', 
Ap + Bp „ — q 
A + B 
The steps involved to solve Equation 4.6 are detailed in Appendix A. The general 
solution to the pressure function of an abandoned mine reservoir is defined by the 
following exponential function: 
Ps" 	 4.9 AO= 
P 	t — t s „—Pi  1+ 	exp(— 	) 
Pi 	T P 
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Where 
r = 	 
	
V 	 4.10 
(A + B)p," 
In the most general case, ps" is referred to as the reservoir stabilisation pressure towards 
which the abandoned mine pressure drifts, to balance the volumetric difference between 
the inflow of air and methane into the void and the amount of gas extracted. 
T is a time constant which measures the inertia of the reservoir pressure function. This 
constant is linked to the apparent source/stabilisation pressure, void volume and flow 
conductivities of the system 
4.2.2 Model Equations for Leaky Reservoirs during Recharge Phase 
In the cease of gas extraction the volumetric rate, defined by Equation 4.5, becomes: 
Q,. = A(19, — p) + B(Po — 13 ) 
	
4.11 
Under constant void volume V and temperature conditions T, the mass balance of a 
leaky reservoir in the absence of mine gas production is defined by the following 
equation: 
—dp = 
dt 	
V [A(p
s  — p)+ B(Po — P)] 
or after some manipulation, 
dp 	p(A+ B) 
 (
Ap s + Bpo 
P) dt 	V 	A+ B 
The steps to solve equation 4.12 are detailed in Appendix B. Introducing parameterps' 
Ps 
, = Aps  +BP0  
A+ B 
Equation 4.13 can be now rearranged in the following form: 
dp 	p(A+ B) 
 (13:—P) di 
4.12 
4.13 
4.14 
4.15 
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Parameter ps' is referred to as the apparent source pressure. After sufficient time, the 
reservoir pressure approaches to ps' as the system reaches equilibrium. This pressure, 
despite variations due to the barometric oscillations, defines the maximum pressure 
inside the reservoir. 
The general solution of Equation 4.15 can be expressed as follows: 
p= 
 
= 13(i = ti) 4.16 
l+
ps'— pi 	exp(— t — to 	 ) 
Pi 	rR 
 
where 
V 
TR = 
( A + B)p,' 
4.17 
Leaky reservoirs reach equilibrium after sufficient time of non-production. Once 
equilibrium is reached, methane and air may flow in and out of the mine depending on 
the barometric pressure variations. The sum of the rates of methane make, qm , and air 
flow, q, , represents the quantity of emissions that would escape to the atmosphere. 
According to these premises, the rate of fugitive emissions can be described as: 
= A(p - 	 4.18 
The rate of fugitive emissions has to be estimated using the average atmospheric 
pressure measured for the period considered. 
4.2.3 Void Resistance Model Equations at Tight Reservoirs 
In this type of reservoir, the volumetric rate difference Q„ can be considered as a 
particular case of the general solution presented in previous sections for leaky 
reservoirs. Furthermore the expressions defining the model parameters for leaky 
reservoirs can be readily applied to tight reservoirs by assuming a null air leakage term 
(e.g. B=0) (There is no need for further mathematical development as a the model 
equations for tight reservoirs during production and recharge phases can be solved as 
particular cases of the general equations 4.6 and 4.12 respectively). 
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As expected, the stabilisation pressure of a non-leaky reservoir during recharge is 
coincident with the gas pressure of the surrounding strata. During production Equations 
4.8 and 4.10 for leaky reservoirs are transformed into: 
ii 	AP, — q  
PS = 
A 
V 1-, = 
Aps" 
Therefore, considering that no air enters the mine void, the model parameters are 
described by the following equations derived from Equations 4.14 and 4.17 for leaky 
reservoirs can be applied to non-leaky reservoirs: 
Ps '= P, 
V 
rR= 
AP,' 
4.21 
4.22 
The relationship that exists between the model parameters during recharge and constant 
production periods is explored in the next section. 
4.2.4 Estimation of the Void Resistance Reservoir Parameters 
In the void resistance model, the pressure behaviour of an abandoned mine reservoir can 
be described with the aid of two parameters. These reservoir parameters are the apparent 
source pressure and a time constant. The equations defining these parameters have been 
deduced for four different scenarios. The model parameters can be estimated from 
recorded reservoir pressures using a simple linear regression method. This process 
involves two steps: 
1) computing the rate of change of lnp; and 
2) plotting dlnp/dt against p to obtain ps' and TR by linear regression. 
Re-writing Equation 4.15: 
4.19 
4.20 
dlnp (A+B) 
dt 	
V (P: — P) 4.23 
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Rearranging Equation 4.17 and Equation 4.23, the model parameters ps' and r can be 
determined by carting outlinear regression, according to the relationship expressed by 
Equation 4.24, as seen in Figure 4.1 
d ln p = 	1 	1 
	
r 
	p+— 
dt rXps 	TR 
4.24 
Furthermore, the same linearisation applies to constant extraction periods yielding the 
estimation of the model parameters ps" (stabilisation pressure) and lltp according to 
Equation 4.25: 
dln p = 	11 
dt 	r p xp sr, P+ r P 
4.25 
Assuming that the reservoir volume V and flow conductivities (A+B) are constant during 
recharge and production, it is possible to relate the model parameters during these 
periods with the following expression: 
Tr x p s ' . r , x p s " 	 4.26 
Under steady conditions (constant V and A+B) both periods, recharge and constant 
extraction, can be linked by rewriting Equations 4.19 and 4.22 into: 
If 	I 	q  
Ps= Ps A+B 
This shows that under constant gas extraction the apparent source pressure is linearly 
dependent on the volumetric rate. The sum of the conductivity constants A+B and thus 
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the void volume V can be estimated from recorded reservoir pressure data. The value of 
time constant rp can also be defined as a function of the gas production using the 
following expression: 
V r = 	 
(A+ B)ps '—q 
4.28 
In order to validate the relationship expressed by Equations 4.27 and 4.28 two well 
defined periods, one during gas recharge and the other during a constant production 
period are required. 
Originally data from Peyerimhoff Colliery in France (INERIS) and Markham and Monk 
Breton Collieries in the UK (Alkane) were obtained to validate the methodology 
proposed in this Chapter. After examination of the records it was noted that adequate 
data representing the recharge and constant production periods were only available for 
the Peyerimhoff and Markham reservoirs. 
4.3 	Validation of the Improved Void Resistance Model at French and 
UK Abandoned Coal Mine Reservoirs 
The methodology developed in this project was applied to field pressure data from 
different abandoned mine reservoirs. This led to the characterisation of the mine model 
parameters, which in turn represent the reservoir conditions from which the model 
enables the reservoir pressure to be computed. Three abandoned mine reservoirs were 
examined, Peyerimhoff in the Loraine Basin of France, and Markham Moor 
(Derbyshire) and Monk Bretton (South Yorkshire) in England. 
4.3.1 Model Validation at Peyerimhoff Abandoned Mine 
Gas production data from Peyerimhoff reservoir provided by INERIS presented an 
excellent scenario to validate the applicability of the linearisation method to estimate the 
average residual gas pressure at an abandoned mine reservoir. Peyerimhoff records from 
January 1995 to December 2002 show recharge periods where the reservoir gas pressure 
reaches atmospheric conditions and an approximate constant production period of 
seventy two days. 
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The records included measured underground pressure, methane concentration and daily 
extraction rates of mine gas. Three well defined periods, two recharge and one constant 
production, were identified in Figure 4.2 to conduct the estimation of the model 
parameters from pressure recharge curves. 
Figure 4.2 Barometric and field reservoir pressures and gas extraction data at Peyerimhoff 
mine. 
4.3.1.1 Estimation of Model Parameters during Recharge 
Two recharge periods from Peyerimhoff mine, highlighted in Figure 4.2, are plotted 
together in Figure 4.3. The two curves are almost identical, indicating that the reservoir 
conditions have remained largely unchanged during the first two years of gas extraction. 
0 	20 	40 
	
60 
	80 
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Figure 4.3 Reservoir pressure recovery at two different recharge periods. 
Model calibration, as described in Section 4.1.4, involves two steps: 1) computing the 
rate of change of lnp; 2) plotting dlnp/dt against p to obtain pc' (pc ) and i by linear 
regression. The direct computation of the function dlnp/dt using the raw data produced 
large oscillations in the results if two adjacent data points were used as the time step 
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between measurements grow larger. These oscillations are eliminated by curve-fitting 
the lnp-t plot using polynomials. 
This process is illustrated in Figure 4.4, where a 2nd order polynomial was fitted to the 
first recharge period (August/September 1995). This polynomial was then differentiated 
with respect to t to obtain d(lnp)/dt. 
Figure 4.4 Curve-fitting using a 2nd order polynomial. 
The polynomial function presented is now differentiated according to Equation 4.23 to 
estimate the model parameters associated to the reservoir during the studied recharge 
period. Figure 4.5 presents the transformation of the polynomial fit into the resulting 
d(lnp)/dt-p linear plot. 
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Figure 4.5 Linear regression of the recharge field pressure data at Peyerimhoff. 
Further examination of Peyerimhoff production data showed that there were, albeit 
shorter, two more recharge periods in 1997 and 2002. The four periods were singled out 
to estimate the model parameters ps' and T. 
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Table 4.1 Recharge model parameters at Peyerimhoff mine. 
Recharge Periods Aug-95 Jun-97 Nov-97 Nov-02 
Number of days 60 65 19 21 
Average Barometric (kPa) 99.6 99.1 98.4 unknown 
R-square linearisation 0.9603 0.9798 0.9936 0.9917 
T (days) 31.770 40.228 37.348 31.671 
Ps! (kPa) 101.7 104.9 109.0 106.8 
The computation of the reservoir pressure indicates stabilisation pressure conditions just 
above atmospheric. The stabilisation pressure oscillates within a ten percent error which 
is associated to the varying curvatures of the polynomial functions fitted to the 
transformed reservoir pressure as described in the previous section. The variation of ps' 
and T indicate a range of possible reservoir void volumes and air and gas flow 
conductivities, according to Equation 4.11, which would be representative of the 
abandoned mine selected for the study. The relationship between the model parameters 
ps' and TR and their associated reservoir extraction rates is further explored in section 
4.3.1.3. 
4.3.1.2 Estimation of Model Parameters during Constant Production 
Following the method described, during the recharge period it is possible to calculate 
the model parameters ps" and t for any period of steady production. The continuous 
variation in the extraction rates due to the gas market requirements limited the number 
and the quality of the data of periods available to validate the model. Three production 
periods were identified and the linear analysis was conducted to estimate the 
stabilisation pressures associated with these extraction rates. 
The first production period from 2nd October to 15th December 1995 is plotted in Figure 
4.6. The average extraction rate and standard deviation for this period were 92,700 
m3/day and 15,300 m3/day respectively. 
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Figure 4.6 Field data for "constant extraction rates" at Peyerimhoff. 
The model calibration during production involves two steps similar to the process 
described for the recharge period. This is illustrated in the next figures. Figure 4.7 shows 
the curve fitting through a third order polynomial to smooth the lnp-t plot. 
The polynomial function presented in Figure 4.7 is now differentiated according to 
Equation 4.24 to estimate the model parameters associated with the reservoir during the 
studied production period. 
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Figure 4.7 Curve-fitting using a 2nd order polynomial. 
Figure 4.8 presents the transformation of the polynomial fit into the resulting d(lnp)/dt-p 
linear plot. 
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Figure 4.8 Linear regression on a d(lnp)/dt-p plot. 
Results from the analysis of three production periods are summarised in Table 4.2. 
Table 4.2 Production model parameters at Peyerimhoff mine. 
Production Periods Nov-95 Jan-96 May-99 
Number of days 72 23 14 
Average Extraction rate (m3/day) 92,727 195,340 112,377 
R-square linearisation 0.9418 0.9570 0.8701 
"C (days) 52.2 76.9 46.7 
Ps" (kPa) 85.0 53.8 69.8 
From the results presented in Table 4.2 it is seen, as expected, that increasing extraction 
rates have associated lower stabilisation pressures. However, due to the short duration of 
the periods studied, a larger margin of error is expected due to higher sensitivity of 
parameter ti during the linearisation process. 
4.3.1.3 Estimation of Peyerimhoff Mine Residual Void Volume 
The relationship of proportionality between the reservoir stabilisation pressure and the 
rate of gas extraction was defined in Section 4.2.4 by Equation 4.27. This equation 
defined the rate at which the stabilisation pressure decreases with increasing extraction 
rates. This relationship is validated in Figure 4.9 using the model parameters presented 
in Tables 4.1 and 4.2 during recharge and constant production periods at Peyerimhoff 
abandoned mine reservoir. 
The stabilisation pressures estimated from the data analysis are plotted in Figure 4.9. 
The stabilisation pressure presents a marked linear trend which corresponds to the 
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relationship defined by Equation 4.28. A linear equation of the form ps"= 104.4 — 0.2626 
q fitted to the empirical results presented a very high accuracy according to the indicator 
R-square (R2 = 0.9691) 
Based on this linear equation, the sum of the reservoir conductivities (A+B) estimated is 
about 3.8 m3/Pa day. It is expected that other mine reservoirs with similar air and 
methane conductivity (A+B) will have similar sensitivity to changes in extraction rates 
independent of the contribution of the air and methane to the total sum of conductivities. 
50 100 150 200 250 
Extraction rate (1,000 x m3/day) 
Figure 4.9 Stabilisation pressure variations with extraction rates. 
Once the model parameters and the reservoir conductivities have been estimated, the 
reservoir volume can be assessed using Equation 4.11 during recharging periods or 
Equation 4.18 during constant extraction phases. The estimated reservoir volume at 
Peyerimhoff mine varied from 12x106 m3 to 16x106 m3 during recharge and production 
periods respectively. An average value could be estimated as 14.2x106 m3. This void 
volume estimation is in range with the estimation from the Couillet et al. (1998) model 
which reported a volume of 17x106 m3 consistent with the estimates resulting from the 
extracted tonnage during mining. 
The time required for the system to reach stabilisation increases asymptotically with 
increasing extraction rates. This relationship, defined by Equation (4.28), is validated in 
Figure 4.10, where the estimated time constant i are plotted against their associated 
extraction rates. Furthermore, Equation 4.28 indicates that the rate of change of 
reservoir pressure is proportional to the pressure difference between the initial and the 
stabilisation pressures. 
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Figure 4.10 Time constant variations with extraction rates. 
The rate of pressure change occurs faster in smaller reservoirs and for larger extraction 
rates which are associated with lower stabilisation pressures. Equations 4.27 and 4.28 
characterise the relationship of model parameters and the extraction rates of abandoned 
coal mine gas reservoirs. 
In order to further explore the relationship established by Equations 4.27 and 4.28, a set 
of exponential curves (see blue curves in Figure 4.11) were fitted to different time 
intervals during which the reservoir pressure tended to changed in a curvilinear fashion. 
Based on this visual fit, the associated average extraction rate q for each of these 
intervals was estimated using Equation 4.28 and presented in Figure 4.11 using red 
horizontal lines superimposed to Peyerimhoff mine gas extraction rates. 
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Figure 4.11 Pressure curve fitting using constant gas extraction rates. 
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Chapter 4 Improved Void Resistance Model 
The averaged extraction rates displayed in Figure 4.11 present a good overall agreement 
with the measured trends. However, the relationship between pressure and extraction 
rates expressed by Equation 4.27 is limited to constant production periods. Therefore the 
analysis over varying production rates can only be used as a general indication of the 
model performance. 
4.3.1.4 History Match Results at Peyerimhoff Reservoir 
The results produced from the linearisation analysis in the previous sections have helped 
identifying the model parameters (ps', V and A+B) for the Peyerimhoff abandoned mine 
reservoir. These, in turn, are now used to history match the reservoir pressures at 
Peyerimhoff mine reservoir (Figure 4.12). 
Figure 4.12 Pressure history match at Peyerimhoff mine. 
It is observed that during the first four years of mine gas extraction (1994 to 1998) the 
pressure forecast virtually matched the measured reservoir pressure. However, with time 
the mine void pressure is progressively lower than the void resistance model forecast. 
This can be due to a reduction in the volume of gas available for desorption, according 
to Langmuir isotherm principles, as gas reserves are being depleted. Similar trends have 
been observed at naturally vented mines, where hyperbolic curves have been used to fit 
the rate of gas emissions (Cote, 2000). 
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4.3.2 Model Validation at Markham Abandoned Mine 
Following the analysis of the reservoir pressure at the Peyerimhoff abandoned mine 
reservoir, the new void-resistance model was further validated using two years of 
extraction data provided by Alkane Energy from the Markham abandoned mine 
reservoir in Derbyshire, England (see Figure 4.13). 
Markham Colliery has been in operation from 1882 until 1993 during which period nine 
coal seams have been extensively worked. Markham colliery is form of three collieries, 
Markham No. 1, No. 2 and No. 4 which became one mine on the first of septemeber 
1967. Minable coal seams in the area have been extensively worked by Markham and 
nearby collieries, this has resulted in an extensive network of migration paths for gas 
and water to move within the abandoned mine complex. 
Following the same procedure as described for the Peyerimhoff mine, the model 
parameters, ps ' and 'r, were estimated for two recharge periods shown in Figure 4.13 
Sep 02 
	
Mar 03 
	
Sep 03 
	
Mar 04 
Time (years) 
Figure 4.13 Field reservoir pressure and gas extraction data at Markham mine. 
The linear analysis of the pressure curves during the recharge periods led to the 
following overall parameter estimations at the Markham mine: 
Table 4.3 Model parameters at Markham abandoned mine reservoir. 
Recharge periods Oct-03 Jan-04 
Number of days 120 172 
R-square linerisation 0.8866 0.9460 
t (days) 73 83 
P;(kPa) 105.4 108.2 
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The linearisation results indicate relatively low source pressures, within the same range 
seen in Peyerimhoff abandoned mine, at nearly atmospheric conditions. However, larger 
time constant r estimated for Markham reservoir indicates much longer periods for this 
reservoir to reach stabilisation conditions. This is indicative of either a larger size 
reservoir and/or an overall slower rate of methane release from coal and other strata. A 
pressure comparison between the measured and the estimated reservoir pressure is 
presented in Figure 4.14. 
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Figure 4.14 Pressure estimation at Markham abandoned mine reservoir. 
An apparent constant production period highlighted in Figure 4.13 is shown in detail in 
Figure 4.15. The reservoir pressure during this period of constant gas extraction does no 
present an exponential trend. Instead as the pressure system reached equilibrium, the 
reservoir pressure stabilised for nearly 80 days. 
Figure 4.15 presents a nearly constant gas extraction period at Markham reservoir. 
However, the pressure behaviour in the reservoir is different to what had been 
previously observed at Peyerimhoff Colleiry. Data from Markham mine did not present 
a constant extraction period to conduct the linearisation analysis. Instead, as seen in 
Figure 4.15, both the extraction rate and gas reservoir pressure are nearly at equilibrium 
conditions. 
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Figure 4.15 Constant production period at Markham reservoir 
The void-resistance model formulation presented in this chapter has shown that any 
given constant extraction rate q has an associated stabilisation reservoir pressure ps". 
Based on this assumption, a period of twenty days (day 30 to day 50 in Figure 4.15), was 
selected to estimate a set of model parameters during constant gas production at 
Markham abandoned mine reservoir. The average and standard deviation of the 
extraction rate and reservoir pressure data are presented in Table 4.4 
Table 4.4 Stabilisation pressure and extraction rate at Markham mine. 
Average Value Standard Deviation 
Production Rate (m3/day) 14,090 175 
Reservoir Pressure (Pa) 24,298 165 
Using the values presented in Tables 4.3 and 4.4 it is now possible to estimate the 
reservoir conductivities and the reservoir volume at Markham abandoned mine reservoir 
using Equation 4.27 and Equation 4.11. 
Table 4.5 Model parameters at Markham reservoir 
Total Inflow 
conductivity 
m3/Pa day 
Residual volume 
Mm3 kPa 
Strata Pressure 
0.18 +1-0.1 1.4 +/-0.1 106.8+/-1.0 
In the estimation of the model parameters presented in Table 4.5 it is seen that the rate 
of methane and air flow in Markham (0.18m3/Pa day) are much smaller than those at 
Peyerimhoff (3.81m3/P a day). 
93 
Sep 02 
	
Mar 03 
	
Sep 03 
	
Mar 04 
Field pressure 
• • - • Model estimation 
— Gas drainage 
Chapter 4 Improved Void Resistance Model 
The reservoir pressure at Markham reservoir, presented in Figure 4.16, was computed 
using the model parameters presented in Table 4.5. 
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Figure 4.16 Reservoir pressure history match at Markham abandoned mine 
The void volume estimation for Markham was around 1.4Mm3, ten times smaller than 
that of Peyerimhof, the value of time constant i supported the former hypothesis of low 
residual gas content and therefore low methane inflow rates into an overall smaller 
abandoned mine reservoir. However, Markham colliery, due to its extensive coal 
production and connection with nearby collieries, should have a much larger residual 
mine volume. 
Assuming a residual mine volume fraction of 25% of the total volume of coal extracted, 
and from coal mining extraction records at Markham colliery alone, a residual 
abandoned mine volume of around 20 Mm3 would be expected. Furthermore, the 
proximity of other collieries such as Arkwright, Bolsover, Ireland, Renishaw Park and 
Oxcroft, would result in a very complex scenario where an even a larger residual mine 
void volume can be expected. 
The reason for such a small mine void can be explained by flooding of large areas of the 
mine due to water table recovery after the mine abandonment. There were no aquifers 
within the coal measures in the North Debyrshire coalfield where Markham is located, 
but due to the dip of the strata, all the major seams outcrop to the East of the colliery at 
the Brimington anticline. The water that was encountered in Markham during mining 
was either strata water, water from nearby collieries or water from the outcrop. 
After the closure of Markham colliery in 1993, water extraction from the Ireland (1858-
1986), Bolsover (1891-1993) Renishaw Park (1860-1989) and Arkwright (1899-1988) 
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collieries was stopped and the water table recovered submerging most of Markham and 
the nearby workings. 
The void resistance model application at Markham provided an estimation of the 
residual mine void which, due to the complexity of the abandoned mine scenario and 
lack of water table records after abandonment, is assumed to be a broad estimate of the 
size of workings above water level at Markham colliery. 
4.3.3 Model Validation at Monk Bretton Tight Reservoir 
Data provided by Alkane Energy presented an excellent scenario to validate the 
applicability of the improved void-resistance model to a tight reservoir. Data from Monk 
Bretton included a shut down period of some forty days where pressure recorded 
reached 130kP a. 
The model calibration was conducted as in leaky reservoirs. The estimated model 
parameters (ps', r) were 133 kPa and 17 days respectively. These were used to compute 
the rate of reservoir pressure against time. The behaviour of the pressure curve observed 
at Monk Bretton indicated a very fast pressure recovery (r= 17 days) compared with the 
Petyerimhoff and Markham mine gas reservoirs. 
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Figure 4.17 Simulated versus measured field reservoir pressure data at Monk Bretton. 
As can be seen in Figure 4.17, the model predictions show an excellent agreement with 
the field measured pressure data as well as with the results obtained by Burrell and 
Kershaw (2000). 
R
es
er
vo
ir  
P
re
ss
ur
e  
(P
a)
  
115,000 
105,000 
95 
non disturbed 
high pressure 
strata 
,• 
fractured strata Ps 
open void p's, ,% 
weakened 
transitional 
strata 
Chapter 4 Improved Void Resistance Model 
In other tight reservoirs, due to the combination of successful sealing and in a large 
residual coal reservoir, pressures in excess of 250kPa have been measured in the 
underground roadway system (Tonks, 2003). 
4.4 	Results and Discussion 
The residual void pressure found at Peyerimhoff and Markham reservoirs in this 
research shows a source strata pressure at near atmospheric pressure conditions. 
Consequently, the overall pressure gradient in the emission zone should be small and 
most of the gas contribution into the void can be considered to come from within the 
fractured areas in the emission zone maintained largely at atmospheric conditions. This 
area, represented as the fractured strata in Figure 4.18, would act as a buffer zone during 
recharge, storing methane as free gas in the cleat and the open fractures. 
Figure 4.18 Schematic representation of the void resistance model. 
Results at Peyerimhoff and Markham abandoned mines showed that accurate pressure 
history matches can be achieved using a constant residual void volume within the 
pressure conditions observed in the underground mine. However, despite the excellent 
results of the model based on a single constant residual mine void, the actual extension 
of the residual void volume could be, to some extent, dependent on the level of 
underground depressurisation. 
The pressure history match conducted at Peyerimhoff has shown that the reservoir 
conditions were maintained constant during several years. This finding supports the 
observations of natural gas emissions in abandoned mines (Cote, 2000) where, 
following a rapid decline of emissions during the first few years after mine closure, 
emission rates stabilise and remain constant for several years. 
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Furthermore, while results at Peyerimhoff mine led to excellent pressure match, results 
from Markham mine showed a larger discrepancy between measure and estimated 
values. The review of operating mine methane prediction models used in different 
European countries illustrated that completely different shapes of gas emission zones 
and curves have been used by the mining industry in these countries. Degasification 
curves used in France depict an area up to 120 metres above the workings where 100% 
of the seam gas content is emitted. On the other hand, Airey's degasification curves for 
the UK showed that 50% of the seam gas content remain in coal 100 metres above the 
workings. 
These different gas emission curves have been extensively validated in their countries of 
origin indicating the existence of different geological conditions. Therefore, it is 
believed that the different levels of accuracy observed in the void resistance model 
results are indicative of these different conditions in the geology and stratigraphy of the 
coalfields concerned. 
In order to explore the implications of the void-resistance model results further, research 
focussed on the numerical simulation of gas migration around a longwall panel. These 
numerical simulations allowed the author to characterise the strata to match the 
empirical degasification curves observed in different coal producing countries. The 
construction of the physical model and the analysis of the numerical model results are 
included in Chapter 5. 
4.5 Conclusion 
Previous void resistance models have helped identify the main parameters controlling 
the rate of gas emissions in abandoned mines. However, the pseudo-empirical approach 
proposed in this Chapter shadows the analysis of the actual conditions of the abandoned 
mine. Using the methodology produced in the current research it has been possible to 
estimate the value of these parameters and infer the underground reservoir conditions. 
The effect of barometric pressure changes on fugitive emissions from abandoned mines 
(Cote, 2000) and its influence on methane concentration in operating mines (Durst, 
1956) and abandoned mines (Hupp et al., 1999) have been widely acknowledged. 
However, no theory had been presented to explain this measurable process. 
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A methodology developed in this research presents a tool for estimating this strata 
pressure. Validation of the methodology for estimating the strata pressure at 
Peyerimhoff and Markham reservoirs produced strata pressure results just above 
barometric conditions which explain the effect that small barometric variations have on 
the underground pressure and gas concentration conditions. 
The void-resistance model presented a simple representation of the abandoned mine 
using a constant residual surrounding gas pressure term and constant residual mine void 
volume. However, it has been widely acknowledged that the pressure and gas content of 
the strata surrounding old mine workings vary due to different stress conditions 
experienced in the collapsed, disturbed and un-mined seams. Therefore, current 
understanding of gas flow, distribution of gas reserves and optimisation of drainage 
capabilities at abandoned mine reservoirs is at best incomplete. 
Advanced numerical models present an opportunity to simulate methane release and 
flow through the fractured rock mass realistically. In order to determine the applicability 
of a numerical simulator to the conditions found in abandoned mines it is necessary to 
validate these models. The extensively researched rates of gas emission from longwall 
panels and the prediction models established on the basis of these measurements 
provide an excellent basis for this validation. Chapter 5 will present the work carried out 
towards detailed mine characterisation required for such a validation study. 
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Numerical Simulation of Methane 
Chapter 5 Flow: Permeability Characterisation 
around Mine Openings 
5.1 Introduction 
Chapter 4 presented the research carried out in order to improve the Void Resistance 
model by the author. This work helped to establish a better understanding of the gas 
pressure and flow regimes acting within an abandoned coal mine reservoir. However, as 
explained before, the improved Void Resistance model on its own is not believed to 
offer a reliable methodology for the design and prediction of methane extraction from 
abandoned mines. Numerical models, on the other hand, have the potential to model 
gas production from abandoned mines as they represent the physics of flow in a 
reservoir more accurately. As it was briefly reviewed in Chapter 3, a number of 
researchers used numerical models to predict the production performance of abandoned 
coal mines to date. However, most of these applications involved simplified and 
sometimes unrealistic representation of the geology and geometry of the gas emission 
zone around an abandoned mine void. 
Methane prediction methods developed in the coal mining countries of Europe have 
been successfully employed in a variety of conditions. However, these models are 
coalfield specific, their applicability being very much dependent on the geological and 
mining conditions that prevail in these coalfields. 
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Research described in this Chapter had a number of objectives: 
to develop a three dimensional numerical modelling procedure which would 
represent the geometry and stratigraphy of coal seams and coal measures rocks 
accurately, 
to define and assign coal seam and coal measures rock permeability values 
representative of the different stress zones in and around an operating longwall 
face, 
to carry out predictions and validate the use of numerical modelling tools against 
the performance of well established degree of gas emission models. 
The simulator used in this research was METSIM (Appendix A), a pseudo steady 
numerical model developed at Imperial College by the Mining and Environmental 
Engineering Research Group during the last decade. 
5.2 	Physical Description of a Mined Longwall Panel Model 
The scope for improving the understanding of the methane extraction process from 
abandoned coal mines by defining the underground conditions in terms of coal 
permeability and residual gas content distribution has been established in the previous 
sections. 
The next step in this research has been to establish the validity of and the ease with 
which numerical models can be used to model the flow of gas in and around the 
working longwall faces in three dimensions. In order to achieve this understanding, 
efforts were made to set a three dimensional model that is representative of the geology 
and geometry of a mined section of a coal mine. For this purpose, three different areas 
were considered within the emission zone above and below the mined panel, i.e. caved, 
fractured and continuous deformation zones, and were assigned different permeability 
values matching the strata conditions prevailing in these areas. 
The performance of the 3D numerical model was compared with the 
results/performance achieved by the long established (but coal field specific) degree of 
gas emission models used by the coal mining industry, before implementing the 
numerical model to predict performance of abandoned mine methane extraction. Two 
physical models were constructed to represent the strata above and below the mined 
panel: 
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• Roof model 
• Roof and Floor model 
The Roof model presents more detailed strata conditions while saving computational 
time compared with the Roof and Floor model. However, the simulation results 
obtained from both models are equally illustrative of the effect that permeability and 
fracture connectivity have on the rate of methane flow from the strata into the residual 
mine void. 
Consideration of the longwall face layouts in the United Kingdom (SME, 1973) led to a 
three dimensional geometry shown as a section and plan view of the model in Figures 
5.1, 5.2 and 5.3. 
The roof model is represented in Figures 5.1 and 5.2. This model can be representative 
of an isolated and partially flooded reservoir scenario where water saturated seams 
under the workings do not emit methane into the mine void. 
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Figure 5.1 Vertical section of longwall model. 
The longwall model measured 1,000m in the direction of advance and 250m along the 
mining face. Methane source beds were assumed to be vertically distributed up to 200m 
above the working seam horizon. Every coal seam was assumed to have a uniform 
thickness of 2m. 
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Figure 5.2 Plan view of longwall model. 
A non-uniform grid was used to represent the model domain consisting of the emission 
zone and the mined section. The model was built using 18 cells in the x direction (face 
advancing direction), 12 cells in the y direction (along the face) and 19 cells in the z 
direction (vertical). This gave a total of 4,104 cells, which was considered adequate for 
the simulation. The second model is represented in vertical section by Figure 5.3. The 
plan view is the same as the roof model previously presented as Figure 5.2. The Roof 
and Floor model considers an emission zone of 200 metres above and 100 metres below 
the workings in range with the MRDE (1980) emission zone definition for underground 
coal mines in the UK. 
Similar to the grid used for the Roof model, a non-uniform grid was used to represent 
the Roof and Floor model domain above and below the mined panel, Figure 5.3. The 
number of cells in the horizontal direction is the same as that used in the Roof model. 
However, the number of cells in the vertical direction has increased from 19 in the roof 
model to 23 cells in the k direction (13 above and 10 below the panel). This gave a total 
of 4,968 cells which slightly increases the computation time compared to the Roof 
model. 
102 
Chapter 5 Numerical Simulation of Methane Flow in Longwall Panels 
200 m A 
120 m 
60 m 
40 m 
20 m 
10m 
f ,s'sf=;A 	I I 	I I 
-10 m 
-30 m 
-50 m 
-70 m 
-100 m 
►.4 	
100 m 
  
1,000 m 100 m 
Figure 5.3 Vertical section of longwall model 
Horizontally, the block size distribution varied from sizes of 25m x 25m outside the 
longwall to larger blocks of 75m x 200m within longwall panel. The size distribution of 
vertical grid blocks varied from 2 metres (the thickness of the coal seams) to 80 metres, 
which is the maximum distance between two consecutive coal seams. 
5.3 	Gas Emission Zone Characterisation 
As it has been reviewed in Chapter 2 the overburden strata in the emission zone is 
disturbed from the immediate mined seam towards the surface in order of severity. 
Different investigators identified three distinct zones, caved zone, fractured zone and 
continuous deformation zone in ascending order from the roofline into the overlying 
strata. The extent of each zone depends on the geological conditions, the type and 
intensity of overburden strata and the seam thicknesses. 
The extension of these zones, i.e., whether the strata is caved, fractured or deformed, 
defines the permeability of the strata and the vertical extent of fractures into the roof and 
therefore controls the rate of gas emission from coal and gas bearing strata from the 
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affected area. In accordance with the values presented in Table 2.1 the current longwall 
model use the following subsections within the emission zone: 
20 metres caved strata (10x mining height) 
60 metres fractured strata (30x mining height) 
70 metres of continuous deformation zone (35x mining height) 
Therefore, the enhanced permeability zone in the proposed model extends up to 150 
metres above the workings (Figure 5.4). 
The true lateral extension of the area of influence based on the angle of draw is not 
considered at this stage. The model is designed to compare the degree of degasification 
of the strata obtained by the numerical model results with the empirical degree of gas 
emission curves used in gas prediction in operating coal mines. Also, the model results 
allow for the examination of the expected decreasing rates of methane flow according to 
the U.S. EPA (2004) emission decline curves presented in Chapter 3. 
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Figure 5.4 Vertical section of longwall model 
Above the 150 metres of enhanced permeability strata, the model extends vertically up 
to 200 metres by including 50 metres of virgin strata to study the contribution of 
methane from this undisturbed area. The permeability values used for coal in different 
disturbed areas of the longwall model are within range of the values observed in UK 
coal mines and is presented in more detail in the next section. 
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5.4 Coal Measures Strata and the Permeability of the Rocks in the 
Emission Zone 
It has been established in Chapters 2 and 3 that the coal and non-coal permeability, 
associated with different levels of strata disturbance due to the stress conditions created 
during mining, is the main factor controlling the rate of gas emission from coal seams. 
Therefore, the characterisation of the stratigraphy of mines in different coal basins is 
essential to determining the rate of gas flow into the residual mine void. In this section, 
the UK coal measures strata will be reviewed together with limited reference to the coal 
measures rocks in some other European counties. 
The British Coal Measures comprises primarily mudstones, sandstones, seatearths and 
coals, arranged in a series of rhythmic or cyclic sequences. These sequences vary 
throughout the coalfield and throughout the succession. The central elements of the 
cycle are coal seams and the underlying seatearths which can vary from soft organic 
fireclays to hard ganister. Figure 5.5 illustrates the stratigraphic column from three coal 
mines in the UK coal fields, demonstrating the type of rocks encountered in these 
coalfields. 
Mudstone and seatearths 
Sandstone 
Coal seams 
Siltstone 
Figure 5.5 Stratigraphic column from Markham, Wearmouth and Lynemouth collieries in the 
UK (Farmer, 1984). 
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Coals around the world exhibit different levels of permeability. In the UK hardly any 
coal is considered permeable and methane remains trapped in seams until disturbed by 
mining, whereas coal in countries such as Australia or the US can have permeabilities of 
3 or 4 orders of magnitude greater, allowing active transport of gas into their mines' 
roadways even before the massive disturbance of longwall mining occurs. 
The coal seams are usually separated by strata containing varying proportions of clay 
mineral and fine-grained quartz, the former decreasing and the latter increasing through 
the upward succession. Although sandstone layers are not uncommon above coal seams, 
the general succession comprises increasingly siliceous shales and mudstones above the 
seam, succeeded by siltstones, sandstones and grits beneath the seatearths of the 
overlying coal seam. With the exception of sandstone, it is possible that siliceous rocks 
may not release gas readily on being broken during mining due to their low 
permeability. However, well-developed fractures in this strata allows with sufficient 
time for free gas to be stored within the fracture system or channelled to lower pressure 
areas within the reservoir. 
The porosity of British Coal Measures rocks is generally low and the quantity of 
methane contained is therefore small. Creedy (1988) showed that for different samples 
of mudstone, mudstone with coal inclusions, carbonaceous mudstone and sandstone 
with insitu porosity of 0.8-8.1% and in situ pore volume of 0.003-0.032 ml/g, at gas 
pressure of 1.5MPa at 30°C, the approximate free gas content of the pores is 0.03 to 0.5 
ml/g. 
During mining, the gas influx from neighbouring coal seams and from other strata may 
produce as much as ten times the gas emissions from the worked coal seam. In 
abandoned mines, an even larger ratio of gas contribution could be expected from 
surrounding seams and strata (Noack, 1998). Under certain circumstances, the strata 
adjacent to the coal seam can exhibit significant methane retention capabilities. In 
France Shale beds, interstratified with coal seams have been found to have methane in 
excess of 50% of that of the coal beds (Curl, 1978), higher even than that of the porous 
sandstones adjacent to the seams. However, sandstones, being considerably thicker than 
shale beds, account for greater proportion of the total emission from the non coal strata 
in operating and abandoned mine workings. 
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Sandstone and limestone beds have the highest permeabilities and act as aquifers, they 
promote horizontal flow and have relatively high storage capacity. The shales act as 
aquitards, having low permeability, but may contain fractures and bedding planes that 
enhance permeability. Thin clay bands can exist within the measures that act as 
aquicludes. 
The overall permeability of the strata tends to decrease with depth, a decrease of 1 order 
of magnitude of the permeability of coal for every 25 MPa increase in overburden 
loading was reported by Sparks (1993). 
The rate of gas flow into a particular district of an operating coal mine is dependent on 
the gas content, number and thicknesses of seams in the disturbed zone, the proximity of 
the seams to the worked seam and the age of the district. Similarly, the estimation of the 
gas flow rates in an abandoned mine would rely on the characterisation of the strata 
surrounding the mine excavation, primarily the extension of the zone of gas emission in 
both the roof and floor strata, and the degree of gas emission from adjacent seams and 
coal measures rocks. 
Creedy and Clarke (1992) estimated permeability for various zones within the waste 
area of a longwall face and reported values ranging from 10-7 m2 to 10-2 m2. Tauziede et 
al. (1993) used permeability values that varied with position in the waste area. They set 
a maximum value of 10-5 m2 near the face ends and a minimum value of 10-8 m2 in the 
centre of the waste. With increased load and consolidation, the permeability in the 
centre area will be lower in the centre than on the border regions of the waste area. 
The enhance levels of permeability used for the disturbed areas of the numerical model 
described in this section were obtained from the literature as reported by Durucan 
(1981). 
In general, it is assumed that methane would flow from the disturbed zone into the 
workings following preferential, vertical pathways governed by the strata permeability 
in the area. In the caved and fractured zone, coal and non coal strata horizontal 
permeability is assumed to be the same as the vertical permeability for the same rock 
type. 
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This assumption is based on the fact that the level of disturbance of the strata in the 
caved and fractured zones create blocks of coal of different sizes and orientation where 
methane flow occurs towards the nearest coal surface. 
Cell blocks in the caved and fractured zones in the model are assumed to experience an 
increase in permeability up to 3 orders of magnitude above their intact permeability in 
both the horizontal and vertical directions, regardless of rock type. The permeability 
values used for intact coal is 10-17 in the longwall model for vertical permeability are 
presented in Table 5.1. 
Table 5.1 Coal vertical permeability distribution above a mined panel. 
caved 
zone 
fractured 
zone 
c deformation 
zone 
intact 
zone 
Coal 
permeability 
(m2)  
1E-14 
to 
1E-13 
1E-15 
to 
1E-14 
1E-16 
to 
1E-15 
1E-17 
to 
1E-16 
Once methane is released into the void created in the caved and fractured area, methane 
will flow towards the lower pressure zone represented by the longwall waste area. 
5.5 	In Situ Gas Content Distribution 
The in-situ distribution of methane in coal seams varies depending on the coal type and 
the coal basin. Over 100 sets of coal samples collected from 13 coal mines in the UK 
(MRDE, 1980) yielded gas content values between 2 and 7 m3/t for a wide range of 
depths (400 to 1,400m). Using an average gas content value of 7 m3/t at 900 metres 
depth and an attenuation value of 0.5 m3/t per 100m the in-situ gas content of the seams 
within the numerical model were defined as presented in Table 5.2. 
Table 5.2 In situ gas content used in the numerical model. 
Mined 
seam 
Coal seam depth (m) 700 750 800 850 900 950 1000 
In situ gas content (m3/t) 6 6.25 6.5 6.75 7 7.25 7.5 
As boundary conditions, the coal seams were assigned their relevant gas pressures with 
the gas pressure in the waste area being set to atmospheric pressure, allowing for the gas 
to migrate from the strata into the mine void. 
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5.6 	Results and Discussion 
5.6.1 The Roof Model 
The simulation results allow for the study of the effect of coal and non coal strata 
permeability and the extent of the fractured zone on the rate of methane flow into the 
mine workings. 
Figure 5.6 illustrates the permeabilities assumed for the coal and non-coal strata, 
together with the results obtained from the first version of the Roof model. The 
excessive levels of degasification observed in the gas emission zone, and especially in 
the deformation area and the intact zone suggests that, when a high permeability non-
coal strata is placed in between two coal seams, both coal layers degasify to the same 
degree. 
0 	20 	 40 	 60 	 80 	 100 
Figure 5.6 Roof model results using Esterhuizen and Karacan (2005) model permeability. 
Lower permeability estimations for clays and sandstones suggested by Fetter (1994) 
were used in the subsequent simulations (Table 5.3) 
Table 5.3 Non coal strata permeability values 
Permeability Clay Sandstone 
Esterhuizen and Karakan 
(2005) 
1E-16 1E-14 
Fetter (1994) 1E-18 to 1E-15 1E-14 to 1E-11 
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The result of a subsequent runs using lower permeability values is presented in Figure 
5.7 below. The permeability of non-coal strata is assumed to decrease by one order of 
magnitude from the intact to the caved section of the gas emission zone. 
Comparing Figures 5.6 and 5.7 clearly demonstrates the significant effect the 
permeability of non-coal strata has on the overall degree of gas emission from coal in 
the gas emission zone. While both physical models have the same values for coal seam 
permeabilities, assigning low permeably clay layers led to very different degree of 
emission curves as illustrated in Figure 5.7. 
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Figure 5.7 Roof model results using non-coal strata permeabilities from Fetter (1994). 
Figure 5.8 shows the ratio, as a percentage, of the gas contribution from the caved, 
fractured and continuous deformation zones into the waste. It was observed that the 
caved zone degasifies at a much faster rate compared to the least fractured continuous 
emission zone further away from the extraction area. However, after some time (5 to 10 
weeks in the simulation) methane content of the caved and fractured zones diminish and 
the main gas contribution comes from areas further away from the extracted coal panel. 
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week 1 
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Time (weeks) 
Figure 5.8 Percentage gas emission from the source seams within the gas emission zone 
In an attempt to match the degree of gas emission curves used in French mines 
permeability distributions believed to be representative of French coal field 
characteristics were input in the reservoir model. Figure 5.9 presents the degree of gas 
emission curves obtained for this simulations, which displays a very similar shape to the 
degree of gasification curve proposed by Jeger for French coal mines (Curl, 1978). 
0 	20 	 40 	 60 	 80 	 100 
Figure 5.9 Roof model results matching French emission curves. 
The high permeability values used to match the French degasification curves developed 
by CERCHAR (Curl, 1978) implies very high flow conductivity in the gas emission 
zone, confliming the differences observed in coal measures rock types and their 
mechanical properties between France and the UK. 
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5.6.2 Roof and Floor Model 
In extending the physical model by including the strata below the mined panel the 
complete vertical extension of the gas emission zone was considered in the simulations. 
Using permeability values for intact and broken coal and non-coal strata representative 
of the UK conditions, which were previously used in the Roof model, the degree of gas 
emission curves were plotted against time as shown in Figure 5.10. The set of results 
presented in Figure 5.10 are very similar to Airey's degree of gas emission curves, and 
to a lesser extent to Winter's representation of degasification curves used for methane 
prediction in longwall mines in the UK and Germany respectively. 
Figure 5.10 Degree of gas emission curves for coal seams around a longwall panel. 
Extending the physical model by incorporating an enhanced permeability area below the 
workings presents a more realistic scenario for the gas emission zone and for rates of 
gas emissions into the mined area. The simulations carried out have confirmed that the 
rate of degasification of coal in the emission zone would depend to a large extent on the 
permeability of the interbedded strata. Figure 5.11 presents the total amount of gas 
emitted into the waste against time over a simulation period of one year. 
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Figure 5.11 Total gas emissions from disturbed strata around longwall into the waste area. 
The time dependent decline curve obtained for methane flow into the workings (Figure 
5.11) presents the expected hyperbolic trend previously observed by other researchers at 
operating longwall panels (Lunarewzski, 1998), as well as that representative of fugitive 
emissions in abandoned mines (Cote, 2000). Three different periods according to the 
curvature of Figure 5.11 have been identified: 
First month -most rapid decay- up to 50% of total gas emission is released. 
2nd and 3rd months, up to 70% of the total gas emission is released. 
Six to twelve months stabilised period. 
Airey's approach to gas emission from broken coal (Airey, 1968) and into operating 
mines (Airey, 1971) has been used successfully in different coal mining countries 
(Jackson, 1984), and particularly for methane prediction by the UK coal mining 
industry. 
Figure 5.12 presents a comparison between Airey's original degree of gas emission 
curves with the degree of gas emission curves obtained through numerical modelling 
using METSIM in this research. As shown in Figure 5.12 the results obtained from 
METSIM generated very similar degree of gasifications curves to Airey's curves. 
Airey's curves reach 100% gas emission values in the caved zone after 75 weeks while 
numerical simulation results show that around 5% of methane remains adsorbed in the 
coal seams. 
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Figure 5.12 Comparison of the degree of gas emission curves. 
5.7 Conclusion 
The model results presented in Chapter 5 show that the characterisation of the 
permeability of non-coal strata is as important as matching the coal seam permeabilities 
at different stress zones around a mine opening. Coal seams separated by high 
permeability strata such as fractured seatearths will allow both coal seams to degasify to 
the same extent while the presence of low permeability clayey rock formations or 
formations with high mechanical strengths which do not easily fail or fracture can act as 
a barrier to the flow of methane. 
Research into the numerical modelling of gas emission around working longwall faces 
have also demonstrated that these models can reproduce meaningful methane emission 
predictions as long as the seam and rock strata geometry and flow properties are 
accurately characterised. 
It is believed that the numerical simulation results of operating longwall faces will be 
representative of the residual gas content distribution around the longwall panel 
immediately after the production ceases. However, the total volume of gas emitted from 
the area prior to an abandoned mine methane extraction scheme is set up will be 
different than that predicted during mining as the gas emission zone considered for an 
operating mine will not be the same as that which should be used for an abandoned mine 
opening a few years later. 
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A New Gas Emission Zone Model for 
Chapter 6 Abandoned Mines: Model 
Implementation and Validation 
6.1 Introduction 
The Santa Barbara-Frankenholz abandoned mine model described in Section 3.5.3 was 
based on a simplified approach which identified and correctly characterised some of the 
main parameters which are required to model and understand the behaviour of an 
abandoned mine as a gas reservoir. These were, in the main, the average residual gas 
pressure and gas content distribution within the simplified model domain representing 
the abandoned mine. 
The major shortcoming of this early attempt was that the actual geometric configuration 
of the reservoir was not considered. The model employed a single coal seam with two 
(enhanced and base) permeability levels for two well defined sections of the reservoir. 
Therefore, the model does not account for the real shape and geometry, as well as the 
permeability variations, within the gas emission zone that characterises abandoned mine 
reservoirs. In actual fact, the shape and dimensions of the gas emission zone around an 
abandoned coal mine, which is different than that observed around operating mines, has 
not yet been defined in the literature. 
Drawing upon the detailed analysis of the mining history at this site, and combining this 
with the theory of coal mine strata mechanics, stress effects on permeability of coal and 
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coal measures rocks, and methane prediction methods reviewed in previous Chapters, a 
new gas emission zone model for abandoned coal mines was developed. The first part of 
this Chapter presents the new abandoned coal mine gas emission zone model developed 
by the author. The general modelling methodology adopted in this research is illustrated 
by the flow chart in Figure 6.1. 
Input data 	Model construction 
	
Modelling of methane 	 Modelling methane 
emission due to mining emission after closure 
 
  
Mined coal 
footprints 
   
   
   
• 
Gas Emission Zone 
Abandoned Mine 
  
Pre-mining in-situ 
gas pressure 
   
Langmuir Isotherm 
   
    
Vertical strata 
distribution 
   
    
Strata Permeability 
in the emission zone 
  
  
    
Figure 6.1 Modelling Methodology 
The new gas emission zone model developed in this research was utilised to simulate 
methane production from the Santa Barbara-Frankenholz Abandoned Mine Complex 
using a 3D modelling domain. The model domain covers an area of 7.1 km2 with a 
vertical extent of 400m. A total thickness of 40 metres of coal is distributed in to 8 
seams within the 3D model domain. The seams selected were the thickest and most 
extensively mined seams in the Santa Barbara-Frankenholz abandoned mine complex. 
Numerical simulation of gas production from Hangard shaft from 1961 to 2000, and 
combined production from Hangard and Frankenholz 3/4 shafts from 2001 to 2006 were 
carried out. The abandoned mine model simulation results provided an accurate pressure 
and methane content distribution and variation with time within the gas emission zone 
during gas production. The effects of lumping the coal seams as one and the use of 
different permeability values on the simulation results are also presented in a sensitivity 
study later in the Chapter. 
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6.2 	A New Gas Emission Zone Model for Abandoned Coal Mines 
The abandoned coal mine methane production model implemented by Durucan et al. 
(2004) adopted a considerably simplified approach to represent the Santa Barbara-
Frankenholz abandoned coal mine using a single layer model. In the model it was 
assumed that the flow properties and gas content of a single coal layer would represent 
the equivalent gas content and thickness of the full seam sequence in the abandoned coal 
mine. 
The potential shortcomings of this study are all derived from the fact that representing 
an abandoned mine reservoir using a single layer model does not allow for the analysis 
of the actual pressure distribution and residual gas content distribution in the disturbed 
strata underground. These two terms are of primary importance to estimate the 
production rates and gas reserves more accurately. 
Therefore, a more realistic 3-D conceptualisation of the gas emission zone which aims, 
specifically, at replicating the extension of the emission zone within different levels of 
the coal measures strata around an abandoned coal mine is required. In order to achieve 
this, it is necessary to characterise the gas content and permeability distribution that is 
established in the surrounding strata some considerable time after mining operations 
cease to exist. 
The extent of the emission zone for longwall faces in working coal mines and the strata 
mechanical processes associated with mining subsidence reviewed in Chapter 2 
indicated that the extent of the emission zone during and after mining will differ. The 
complete extent of the gas emission zone is established some time after the mining 
operations stop. Betournay (2002) found that the full effects of subsidence normally take 
up to 12 months to develop after the longwall face advancement stopped. 
While the maximum vertical extent of the emission zone in an abandoned mine is 
expected to fall within the limits used to predict gas emission during mining, the 
complete lateral extent of the gas emission zone is established some time after the 
mining operations stop and is defined by the angle of draw (Figure 6.2). Numerical 
studies of flow around longwall panels found in the literature (Ren and Edwards, 2000; 
Esterhuizen and Karacan, 2005; Whittles et al., 2006) were formulated for working 
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conditions, numerical simulation of methane flow around longwall panels in Golden 
Eagle abandoned mine (Hupp et al., 199) using commercial ROOFGAS model uses a 
gas emission zone which is not fully developed and therefore is not representative of the 
level of disturbance found abandoned coal mines. 
Intact Zone 
Figure 6.2 Gas emission zone around a mined out longwall panel after abandonment. 
Figure 6.2 presents the full extension of the gas emission zone associated with a single 
longwall panel after sufficient time for full development of the strata effects. In reality, 
the shape and spatial extent of the gas emission zone of an abandoned mine will have to 
be considered in view of the interaction of a number of longwall faces operating in 
different levels of a deep mine, such as the Frankenholz — St. Barbara Collieries. Figure 
6.3 presents the multiple effect of emission zones associated with mined longwall panels 
in an abandoned coal mine scenario. 
The overall extent of the effect of mining in the abandoned mine model is determined by 
the cumulative effect of each gas emission zone associated with the individual longwall 
panels. Gas emission zones are superimposed creating an overall zone of influence, see 
Figure 6.3, which should be considered as the total emission zone of the abandoned 
mine. 
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Once the total extent of the strata contributing to the methane make during gas 
extraction from the abandoned mine is determined, representative permeability values 
are assigned to the structures within the model. A detailed explanation of the 
construction of the 3D numerical model is presented later in Section 6.3.7. 
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Figure 6.3 Gas emission zone in an abandoned mine due to the cumulative effect of mining. 
6.3 	Model Implementation at the Santa Barbara-Frankenholz 
Mining Complex 
The new model addresses the shortcomings of the model developed by Durucan et al. 
(2004) referred to in Chapter 3 and illustrates the steps followed to characterise an 
abandoned coal mine as a gas reservoir. In this research, a methodology which accounts 
for the different zones of enhanced permeability formed around a mine cavity is 
developed to represent impact of historical mining activities. The model results illustrate 
the effects that permeability, extension of the emission zone, the level of interconnection 
between the workings and water table rebound have on the rates of methane extraction, 
providing an in-sight into the processes governing the viability of any gas extraction 
operation. 
A detailed examination of mining records for the Santa Barbara-Frankenholz mining 
complex indicated the need for an amendment of the original model domain used at this 
site. The original model domain presented in Chapter 3 was constructed around the 
mining cavity in seam 9/10. 
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However, it was noted that coal extraction in the upper levels of the mine was left 
outside the limits of this model domain. Therefore a new model domain, incorporating 
these upper seams, was constructed. The new abandoned mine gas emission zone model 
introduced earlier in this Chapter was used to define the gas emission zone in the 
numerical model. Permeability values were then assigned in accordance with different 
levels of disturbance experienced within the gas emission zone created due to the 
cumulative effect of mining. 
6.3.1 Background and Mining History 
In Germany, there are four major basins of hard coal deposits. Concerning the capacity 
of abandoned mines for methane recovery, the Ruhr valley and the Saarland are the most 
relevant. Ibbenburen offers a smaller potential of gas recovery while abandoned mine 
gas from Aachen area will be limited to several years due to a raised ground-water level 
(Dinkelbach and Mader, 2003). 
Coal production started at Frankenholz Colliery in 1881 from a 90 cm thick seam at 184 
meters depth in the Saar Coalfield. In 1941 the mine was closed down due to a large 
explosion which resulted with 41 deaths. In 1946, Frankenholz Colliery was re-opened 
and later joined with Santa-Barbara Colliery in 1954. Both mines were closed in 1959. 
Since the start of mining in 1881, approximately 20 Mt of coal have been mined. 
The geology of the Saarland region is dominated by the presence of a number of faults 
as can be seen from Figures 6.4 and 6.5. Figure 6.4 illustrates the geology of the Saar 
Coalfield while Figure 6.5 shows a vertical section of the coal seams at the Frankenholz 
mine taken along NW-SE direction. 
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Figure 6.4 Geology of the Saar Coalfield 
Figure 6.5 NW-SE section at Frankenholz Colliery. 
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Figure 6.6 Seam configuration (meshed surface) and mined out sections (dark solid areas) 
within the Frankenholz —St. Barbara mining complex (after Durucan et al., 2004). 
Figure 6.6 presents a 3-D grid distribution of the relative positions of some of the most 
mined seams at the Frankenholz Colliery. Water table rebound flooded 65 metres but 
had no measurable impact on the rates of methane production from the Hangard shaft. 
The drainage plan and gas extraction records of Santa Barbara-Frankenholz mine 
complex are presented in the next section. 
Mining activity within each seam was generally confined in an area delineated by the 
three major faults. This is clearly illustrated in Figure 6.7, which shows a section of the 
contour map for seam 10 in Frankenholz Colliery, detailing the mined out area (marked 
with shades). 
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Figure 6.7 Frankenholz mine plan. 
As seen in Table 6.1 there are up to 32 seams distributed within 520 metres of strata in 
the Santa Barbara — Frankenholz mining complex. A total coal thickness of 40 metres 
was estimated from the analysis of records available. Out of the 32 seams in the area, 
mining records for only 16 are available where 75% of the total coal recovered is 
located (see highlighted seams in Table 6.1). Using a coal density of 1.3g/cm3 the total 
tonnage of mined coal estimated from the mining records available was 15Mt. 
The coal seams fall into two main categories: Flame coals include Seams A & B, 
Hangendes 1 & 2 in the Geisheck unit whereas the gassier Fett Coals are Seams 8 to 27 
in the Sulzbacher unit The Mittelfeld and Ostfeld 1 & 2 sections of the St. Barbara-
Frankenholz complex were particularly gassy with a recorded maximum specific gas 
emission value of 205 m3/tonne coal produced from the Fett coals (Durucan et al., 
2004). 
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Table 6.1 Santa Barbara-Frankenholz mining complex strata section. 
Seam 
Mittelfeld 
depth (m) 
Section 
thickness (m) 
Ostfeld 1 	Section 
depth (m) thickness (m) 
Ostfeld 2 	Section 
depth (m) thickness (m) 
Tonstein 1 56 0.40 8 0.54 - - 
F. Kallenberg 81 1.24 36 0.50 - - 
Seam Serlo 100 2.00 63 0.94 - 
Seam Kliver 103 1.00 81 0.45 - 
Seam A 159 0.85 136 0.85 - - 
Seam HGd 2 189 0.6 170 0.45 - - 
Seam HGd 1 199 0.95 176 0.95 159 0.59 
Seam B 205 0.98 182 0.75 164 0.30 
Seam 1 211 0.88 186 0.50 170 1.50 
Seam nn 216 0.30 193 0.30 180 0.20 
Seam nn 244 0.45 203 0.30 200 0.90 
Seam 2 267 1.33 237 0.75 212 1.25 
Seam nn 272 0.38 252 0.38 227 0.25 
Seam nn 280 0.35 260 0.20 - - 
Seam 3 311 1.05 276 0.80 241 1.55 
Seam 4 330 0.40 284 0.40 246 0.95 
Seam 5 338 0.60 312 0.60 265 1.60 
Seam nn 375 0.30 320 0.35 275 0.25 
Seam 6 385 0.66 337 0.97 291 0.80 
Seam 7 407 2.12 352 1.65 303 1.20 
Seam 8 422 1.70 362 0.80 310 2.70 
Seam 9/10 439 2.20 383 1.60 336 1.45 
Seam 11/12 446 1.30 395 1.50 347 1.50 
Seam 13 457 0.51 408 0.50 364 0.65 
Seam 14 461 0.37 414 0.70 373 1.10 
Seam 15 475 0.55 427 0.70 389 1.95 
Seam 16 484 1.80 431 1.70 393 1.35 
Seam 17 502 0.50 449 0.65 399 1.20 
Seam 18 505 0.74 457 0.70 404 2.45 
Seam 19 511 1.10 460 0.71 408 0.40 
I 
Water -244m 
table 
Seam 20 535 0.20 469 1.10 414 0.40 
Seam 21 541 0.80 475 0.30 425 0.55 
Seam 22 554 0.40 486 0.40 432 0.15 
Seam 23 560 1.00 492 0.45 437 0.24 
Seam 24 576 1.60 455 1.35 445 1.30 
Seam 25 581 1.86 462 1.30 465 1.70 
6.3.2 Gas Content and Sorption Isotherms of Coal Seams in the Reservoir 
In 1980, Dupre and Barth (Durucan et a/.,2004) have carried out a study of the gas 
contents and methane emissions in the Frankenholz and St. Barbara Collieries. They 
calculated 2,700 million m3 of methane in situ in virgin conditions. The total mined coal 
surface area in the region was estimated as 4.5 million m2. Therefore, a net coal 
thickness of 40 m between levels 1 and 11 would yield a total coal volume of 4.5 x 40 = 
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180 million m3. Based upon this coal volume and a coal density of 1.3 t/m3, an average 
gas content of 2,700/180 = 15 m3/m3 (11.5 m3/t) was inferred. More recent work by 
Deutsche Steinkohle Aktiengesellschaft (DSK), engineers have estimated that there is 
approximately 4,000 million m3 gas in situ between levels 1 and 11 in the abandoned 
mine region considered. Based upon this estimation, the average lumped mean gas 
content within the domain was revised as 4,000/284 = 14.1 m3/m3 (10.8 m3/t). This 
figure is very close to the average gas content of 10.77 m3/t previously reported by 
Kneuper and Muller (after Durucan et al., 2004). 
For history matching purposes, the volume of gas available at the beginning of 
abandoned mine methane production in 1961 is of particular interest. It was back 
calculated that approximately 2,200 Mm3 of methane had been emitted by 1961, which 
represents roughly 50% of the estimated methane-in-place. This leaves 4,000 — 2,200 = 
1,800 Mm3 of methane left available for extraction. The residual gas will not be evenly 
distributed throughout the abandoned mine. A gradient of residual gas content would 
exist, with the coals close to the mined-out regions being degassed to a greater degree. 
There were no adsorption isotherms representative of the coal seam at the Santa 
Barbara-Frankenholz mine complex. Therefore, isotherms from recent measurements 
carried out on coal samples from the Saar region were used (Figure 6.8). These 
isotherms yielded the Langmuir volume (VL) and Langmuir pressure (PL) used in the 
simulations (Table 6.2), Also included in the table are the in situ gas contents. The gas 
content values ranged from 7 to 15 m3/t (a coal density of 1.3 m3/t was assumed). From 
the gas content values, the corresponding equilibrium sorption pressures can be 
calculated and are also given in Table 6.2. 
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0 	 4 	 8 	 12 	 16 
Sorption pressure (MPa) 
Figure 6.8 Adsorption isotherms for coal seams in the Saar Region (after Durucan et al., 
2004) 
Considering that the majority of the seams represented in the model domain are situate 
at a depth between 200 and 600 m, the mid-seam depth would be around 400 m. 
Therefore, the sorption pressures for the isotherm s7 and s13 appear to be more realistic. 
It was decided to use isotherm s7 in the history matching. 
Table 6.2 In-situ gas contents and sorption isotherms from the Saar Coalfield (after 
Durucan et al., 2004). 
Methane sorption pressure (MPa) 
P =VPL/(VL-V) 
Gas content 	s9 	 s7 	 s13 	 s6 
m3/ m3 (m3/t) VL=26.3 m3/m3 VL=35.8 m3/m3 	VL=46.1 	VL=22.3 m3/m3  
PL = 3.0 MPa PL = 9.57 MPa 	m3/m3 	PL = 13.1 MPa 
PL = 24.2 MPa 
15 (11.54) 2.35 4.55 8.08 14.05 
11.8 (9.08) 1.58 3.25 5.94 8.95 
9.8 (7.54) 1.21 2.55 4.73 6.66 
7.0 (5.38) 0.77 1.69 3.19 4.17 
6.3.3 Methane Drainage Records 
Methane production from surface boreholes started very early in the area. In 1908, 2 
boreholes drilled in to Seam 13 in Level 7 at -251 metres produced 37,000 m3/day CH4 
at 94% purity at 12 bar pressure. 
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As is illustrated in Figure 6.9, the gas extraction rates from Hangard reached over 26 
million m3 per annum with a methane concentration of over 57% in the first few years 
of production. The next two decades saw a steady decline in both the methane 
concentration and the amount of the gas produced. By 1984, the methane concentration 
dropped to below 40% and total gas production to 12 million m3 per annum. The 
produced gas quality was further boosted to a high of 90% methane following the filling 
of the Kohlwald Shaft in 1992. The gas rates, however, dropped to less than 5 million 
m3 per annum. 
Figure 6.9 Measured gas production and methane concentration at Hangard shaft. 
The field production curve shows that after a steady decline over the first two decades 
the annual methane production from Hangard shaft experienced a step increase in 1984 
following the filling of shaft 5. According to DSK Saar ventilation engineers shaft 5 was 
the outlet of the mine ventilation system, through which average 6 Mm3of methane was 
vented out per annum between 1981 and 1984. The filling of shaft 5 in 1984 meant that 
part of free methane gas in the mine which would have been lost through the ventilation 
system was also recovered, resulting in a boost in methane extraction rates. Assuming 6 
Mm3 of methane was lost through ventilation in the period from 1960 to 1984, the total 
methane make of the mine system was revised as shown in Figure 6.10. 
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Figure 6.10 Revised methane rates at Hangard shaft 
6.3.4 Vertical Seam Structure of the Abandoned Mine Complex 
The eight coal seams considered in the model (Figure 6.11), namely Seam A, Seam 1, 
Seam 2, Seam 3, Seam 7, Seam 9/10, Seam 16 and Seam 19 were the thickest and 
among the most extensively mined seams and relatively well spaced within the vertical 
model domain. Therefore the additional impact caused by the extraction of the rest of 
the seams was believed to be marginal in terms of their contribution to the shape of the 
gas emission zone and the rates of methane flow from these strata into the mined areas. 
Surface 	+290.5 
depth coal thickness 
Seam A -13m 0.85m 
Seam 1 -65m 0.88m 
Seam 2 -121m 1.33m 
Seam 3 -165m 1.05m 
Seam 7 -261m 2.12m 
Seam 9/10 -293m 2.2m 
Seam 16 -338m 1.8m 
Seam 19 -365m 1.86m 
Figure 6.11 Distribution of the main coal seams within the new numerical model. 
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In order to account for the 40 metres of coal found in the Frankenholz strata, each of the 
8 seams considered in the model is assumed to have an equal thickness of 5 metres. The 
8 coal seams in the model are sandwiched between 8 non-coal seam strata of 45 metres 
thickness each. The total vertical span of the model therefore is 400m. The non-coal 
strata, which are assumed to have uniform conditions throughout the reservoir, serve for 
two purposes in the numerical model. 
Firstly, the non-coal strata stored (free) gas in its open porosity and, secondly, it helped 
represent the spatial distribution of coal and non-coal strata in an abandoned mine 
scenario. The overall vertical distribution of seams in the abandoned mine model is 
presented in Figure 6.12. 
Model unit I 
of 50m 
400m 
Vertical 
strata 
     
100m 
Figure 6.12 Abandoned mine model section representing the coal seams and non-coal strata.. 
The effect of lumping several coal seams of varying thickness into a uniform 5 metres 
seam is analysed and presented later on in this Chapter alongside the effects of 
permeability and level of inter-connection between the different working levels in the 
mine. 
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6.3.5 Vertical Water Table Recovery 
After the closure of Frankenholz Colliery in 1959 pumping maintained the water table 
below the working level until 1984 when the water table rose to -244m, referenced 
relative to Frankenholz shaft, and has remained stable since somewhere between Levels 
9 and 10. The effect of water table recovery on submerging the deeper sections of the 
mine can be observed in Figures 6.13 and 6.14 where Seam 7 and Seam 9/10 intersect 
Hangard shaft at -260m and -293m respectively, both below the water table. 
Figure 6.13 Seam 7 above and below water table at -244m. 
Figure 6.14 Seam 9/10 above and below water table at -244m. 
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6.3.6 Model Domain 
The original model domain for the Santa Barbara-Frankenholz abandoned mine 
complex (Figure 6.15) was defined within the main fault system and covered the area of 
extensively mining in Seam 9/10. However, closer examination of the mining records 
revealed that as the coal seams dip northwest, disturbed coal areas are found outside the 
original model domain in the shallower parts of the mine. Lack of mining activity in the 
base permeability zone in the original model domain indicates that this region is not 
expected to emit methane at high rates and connected to the Hangard shaft. Furthermore, 
the presence of a fault sandwiched between the base permeability and enhanced 
permeability zones could act as a seal preventing methane flow between these zones. 
Figure 6.15 Modified model domain in blue. 
Figure 6.16 shows the footprints for the mined out sections in seams 1, 9/10 and 25 
which intersect Hangard shaft at depths of -65, -293 and -435 metres respectively. On 
the South East corner of Seam 1 in Figure 6.16, the mining activity left outside the 
original model domain houses approximately 3.6Mt of coal. 
Figure 6.16 Original and revised model domains (Seams 1 and 25). 
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6.3.7 The Gas Emission Zone Model 
The vertical characterisation of the strata in the gas emission zone was defined by a 
maximum distance of 200 meters above the mined section and 100 meters below as 
presented in Figures 6.17 and 6.18 respectively. The lateral extension of the emission 
zone profile is determined by the angle of draw. Using an angle of draw of 25-30° 
consistent with the mining panel size (100m wide) and coal thickness (2m) the gas 
emission zone is estimated to extend 100 metres laterally 200 meters above the mined 
area (Whittaker and Reddish, 1989). 
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Figure 6.17 Effect of mining above the mined seam. 
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Figure 6.18 Effect of mining below the mined seam. 
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6.3.8 Permeability Characterisation 
Simulation of methane extraction from the Hangard shaft did not attempt to chronicle 
the mining sequence in the mine. Instead, the overall effect of coal extraction in the 
strata was simulated in the model by assigning different levels of enhance permeability 
to different zones which constitute the gas emission zone. The coal and non-coal strata 
permeability distributions used in the new model are consistent with the values 
established in Chapter 5 during the simulation of methane flow in the gas emission zone 
surrounding working longwall panels. 
Permeability for the fractured region varied between 10-13 m2 to 10-14 m2, permeability of 
the deformed coal between 10-16 to 10-15 m2 and intact coal permeability as 10-17 m2to 10-
18 m2. The same level of permeability was assigned to coal and non coal strata within the 
same level of disturbance in the emission zone. 
The model was constructed on the assumption that when mining one of the main coal 
seams, the 45m of non-coal strata immediately above the mined area is highly disturbed, 
therefore, the non-coal strata above the mined coal seam, referred to as 1st level in 
Figure 6.19, was assumed to have the same enhanced permeability value as the caved 
coal. 
Figure 6.19 Vertical permeability distribution. 
Between the coal seams, the model was assumed to contain sandstone layers with 
isotropic flow properties. The average porosity selected for coal was 1%, and for the non 
coal strata was 2%. 
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6.3.9 Gas Drainage System in Santa Barbara-Frankenholz Mine Model 
Gas extraction plans presented in Figure 6.20 show that in 1969 Hangard shaft drained 
1,200m3/hour CH4 at 94% purity and 12 bar pressure. The ventilation engineers 
suggested that 65% of this gas was coming from Seam 2 at level 8 and 10% from level 
10 where it is not flooded. Water table rising to -244m by 1984 left the underground 
connection between Allenfeld and Hangard submerged together with parts of the seams 
interconnected at level 10. 
Hangard Shaft 
Legend 
300 mm 0 
250 mm a 
200 mm o 
150 mm 
100 mm a 
14.1 	Valve 
• Observation point 
Fire stopper 
41 Fire extinguisher system 
Borehole 
CO— 	Dam 
Gas Extraction Plan 69 
Saarbergwerke AG 
BSW 
1970 
Figure 6.20 Gas extraction layout at Hangard shaft in 1969 
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The gas extraction plans presented in Figure 6.20 indicates a drainage borehole with two 
perforations at levels 8 and 10 located within seams 2 and 9/10 respectively, Figure 6.21 
Figure 6.21 Gas extraction system of Frankenholz mine model. 
Due to the extensive mining that took place in the Frankenholz mine a vast network of 
roadways and gateroads was built for this purpose. Figure 6.22 highlights the artificial 
connections made within the mine consisting of roadways and gateroads that gave 
access to the mineable coal in the seams. 
Figure 6.22 Mine map at Seam 16 illustrating the roadways at Level 10. 
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6.3.10 Model Grid 
After scanning and digitising the Santa Barbara-Frankenholz mine maps, each coal seam 
was transformed into its associated grid map. In the mined out areas, when a mined 
section covered more than 50% of the corresponding 100x100m grid cell, that particular 
cell is assumed to be entirely mined, conversely if the mined area is less than 50% then 
the grid cell is characterised as unmined. 
Using a uniform grid of 710 blocks of 100x100 metres the new model domain covers a 
total of 7.1 Mme. The 8 seams selected from the mining records were digitised and each 
footprint was transformed to its associated grid blocks within the model domain. Figure 
6.23 illustrates the mined out area of seam 9/10 in light violet and the effect of mining 
seam 16 on seam 9/10 in blue. 
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Figure 6.23 Model grid illustrating the mined out section in Seam 9/10. 
The model domain spans 400 m and extends from a depth of 300 m to 700 m. The total 
number of grid blocks is over 11,000. 
6.4 	Results and Discussion 
Between 1881 and 1959, a total of 2.2Bm3 of methane was drained and vented out from 
the Frankenholz mine. After mine closure, methane was distributed within the gas 
emission zone governed by the residual gas pressure gradient established. Modelled 
residual gas pressure distribution at the beginning of the gas production in 1961 in 
seams 1, 9/10 and 25 is illustrated in Figure 6.24. 
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As shown in Figure 6.24, the centre of the model domain in Seams 1 and 9/10 present a 
very similar residual gas pressure distribution due to the extensive mining that took 
place in these seams. The results show that the majority of highly disturbed areas (caved 
and fractured) are at similar reservoir pressure, around 300kPa. On the other hand, Seam 
16, situated at the bottom of the reservoir, just above water level, present areas of much 
higher residual pressure of up to 2.2 MPa, due to the low impact of mining 
Gas pressure distribution in Seam A, year 1962 (MPa) 
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Figure 6.24 Residual gas pressure distribution in 1962. 
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6.4.1 Effect of Permeability on the Rate of Methane Flow in Hangard Shaft 
The model results show that the limiting permeability factor is the flow of methane 
through the caved and fractured strata. Permeability values higher than 2.4 x 10-I2m2 for 
the mined out blocks did not contribute to higher methane rates produced from the 
Hangard shaft. 
1960 
	
1965 
	
1970 	1975 	1980 	1985 	1990 	1995 	2000 
Year 
Figure 6.25 Effect of enhanced permeability on the mined are on rate of methane production 
Methane production results obtained using the base case permeability presented in Table 
6.3 together with an average enhance permeability value of 2 x 10-12 m2 for the mined 
and open areas in the mine agreed with the measured cumulative extraction rates 
recorded at Hangard shaft, Figure 6.25. 
Table 6.3 Permeability values used for permeability study comparison 
Permeability 	Caved 	Fractured 	Cont. def. 	Intact 
coal (m2) Strata Strata Strata Strata 
Base case 10-13  10-14 10-15 10-17 
x 10 10 12 1043  10 14 10-16 
x 10-1 10-'4 10-15 1046  10-18 
An investigation into the overall effect of varying permeability one order of magnitude 
in all of the coal and non-coal blocks in the emission zone was carried out as presented 
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in Figure 6.26. The base permeability selected for the study was found to be too low to 
obtain a close match to the historical values of methane production rates. 
On the other hand, model results obtained for permeabilities one order of magnitude 
higher produced extremely high rates. This highlights the importance of accurate 
permeability characterisation within the gas emission zone. 
- - - • x 10 K 
— — Base permeability K 
— x10
(1)  K 
— drainage + ventilation 
..... 	....................... 
1965 	1970 	1975 	1980 	1985 	1990 	1995 	2000 
Year 
Figure 6.26 Comparative results using permeability values of different order of magnitude. 
Increasing the strata permeability from 10-15m2 to 10-14m2 in the deformed strata 
effectively doubled the size of the fractured zone (up to 100m) within the gas emission 
zone, increasing the methane rates fourfold. As a result, the base permeability levels for 
the emission zone was kept constant and the focus of the study was shifted to the effects 
of varying permeability levels within the mined out area. It was found from a number of 
simulations that coal permeability values between 2x 1 0-12m2 and 2.4x10-12m2 represented 
the conductivity for methane in caved strata best (Figure 6.25). 
The permeability values used within the Frankenholz gas emission zone were consistent 
with the values used in the longwall model used in Chapter 5. The base permeability 
selected for the study was found to be too low to obtain a close match to the historical 
values of methane production rates. On the other hand, model results obtained for 
permeabilities one order of magnitude higher produced extremely high rates. This 
highlights the importance of accurate permeability characterisation within the gas 
emission zone. 
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6.4.2 Study of the Level of Inter-Connection between the Disturbed Seams 
A high degree of interconnection between the mined seams and the drainage system was 
observed during the analysis of mining records. It was seen in Figure 6.27 that seam 16 
is also connected to Level 10 and therefore to Hangard shaft. 
A number of simulations were run to establish the effect that the number of perforations 
along Hangard shaft has on the rates of methane extraction from the Frankenholz mine. 
This was done to identify the level of inter-connectivity between the workings in the 
abandoned mine. Figure 6.27 presents the sequence of increasing the number of 
perforations on the mine seam structure for modelling purposes. 
Figure 6.27 Different perforation setups for Santa Barbara-Frankenholz mine model. 
The base model for Frankenholz mine assumes two perforations in seams 2 and 9/10 
coinciding with Levels 8 and 10 located at 581 m and 613 m depth respectively. This 
base model is compared now to three other models with increasing number of 
perforations. The results are presented in Figure 6.28. 
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Figure 6.28 Effect of number of perforation on the rate of methane flow. 
Figure 6.28 shows that due to the existence of large disturbed areas within the gas 
emission zone, the number of perforations along the Hangard shaft would have very 
little impact on the rates of methane flow into the drainage system. 
The areas connected to perforation 8 represent the shallowest and deepest areas mined at 
the Santa Barbara-Frankenholz mining complex. These areas are coincident with the 
oldest and most extensively degasified (shallowest) and the less disturbed seams 
(deepest), respectively. Therefore, due to the low residual gas content (shallowest 
seams) and relatively low permeability (deepest seams) the addition of these two 
perforations did not have a measurable impact on the rate of methane flow in Hangard 
shaft at the time of the study. As gas reserves are progressively depleted it is expected 
that methane migration will take place from less disturbed areas as indicated in the 
numerical model results from the Longwall study presented in Chapter 5. 
6.4.3 The Effect of Coal Seam Lumping on the Prediction Results 
The analysis of the effect that lumping a number of coal seams into a single seam has on 
the overall model results was also carried out. In order to achieve this, a set of smaller 
models with a higher number of seams were constructed (see Figure 6.29). The 
horizontal extension of these models is coincident with the modified model domain used 
in the previous simulations; however, these new models only extend 150 metres 
vertically instead of the original 400 metres as used in the Frankenholz model. 
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Figure 6.29 Effect of coal seam lumping and seam distribution on the rate of methane flow. 
The main seams included in the 3 seam model, Figure 6.29, are Seam 2, Seam 7 and 
Seam 9-10, which represent the central area of the Frankenholz mine where Levels 8 
and 10 are located. Two perforations are assigned to each of the models presented in 
Figure 6.27 at an approximate distance of 100 metres to emulate the effect of gas 
extraction from Levels 8 and 10. The level of disturbance and permeability are 
characterised in a similar fashion as in the previous Frankenholz model. 
The total gas content of these smaller models presented in Figure 6.29 correspond to 
3/8th of the total estimated methane in place in Frankenholz mine model (4Bm3). 
Consequently, the cumulative pre-production emission used in the new simulations is 
modified from 2.2 Bm3 to 0.82Bm3. 
The model results are presented in Figure 6.30. Increasing the number of coal seams 
from 3 to 7, represented as 1 m thick coal seams closer to the extraction point increases 
the methane inflow rate in Level 8. However, as the number of seams increases and 
seams 2 and 9/10 are divided into ten lm coal seams at 9 metres intervals, the rate of 
methane flow into the drainage system has decreased. 
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Figure 6.30 The effect of coal lumping on the rates of methane flow in 150m strata models. 
Therefore a correction factor can now be used to adapt Frankenholz mine model results 
to a more realistic distribution of the coal seams in the abandoned mine (Figure 6.31). 
	 Correction factor 15 seams 
0.0000 	  
1960 1965 1970 1975 1980 1985 1990 1995 2000 
Year 
Figure 6.31 Correction factor for coal seam lumping 
Applying this correction factor to the results presented in Figure 6.30 the history match 
improved significantly (Figure 6.32). Correction factor for 15 seams seems to represent 
the closest match to Hangard shaft production rates. 
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Figure 6.32 Annual methane production curves using correction factor. 
6.4.4 Residual Gas Pressure Distribution in year 2000 
The effect of methane extraction on the residual gas content distribution in the reservoir 
is presented in Figure 6.24 for year 1962 and Figure 6.33 for year 2000. The residual gas 
content of Seam 16 at the beginning of the gas extraction operation (Figure 6.24) 
presents a low pressure area at the centre of the model domain at 0.3-0.4 MPa, where 
mining of seam 16 took place, surrounded by higher pressure areas within the influence 
zone of seams above and below seam 16. 
The different levels of disturbance that led to these residual gas distributions are based 
on different levels of interaction between the coal seams in the model. By 2000 (Figure 
6.33), most areas within the pressure domain have stabilised around 0.4MPa leaving 
only small pockets at slightly higher pressure (0.5 to 0.6MPa) in less disturbed areas in 
the periphery of the model domain. It was found that the average reservoir pressure 
decreases in a linear fashion from 1MPa in 1962 to 0.77MPa in 2000. 
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Gas pressure distribution in Seam A, year 2000 (MPa) 
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Figure 6.33 Residual gas pressure distribution in 2000. 
The current mine model study has presented gas production results from Hangard shaft 
from 1962 until 2000 in agreement with the measured rates. Residual pressure 
distribution, which indicates the extent and quantity of gas reserves, were generated 
using the model at the beginning and end of this period. The results produced indicated 
high pressure areas (above 2MPa) in the vicinity of Frankenholz 3/4 shaft on the right 
hand side of the model domain. A new extraction well was proposed at this location in 
order to utilise these high pressure accumulations. The model results obtained are 
presented in the next section. 
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6.4.5 Gas Extraction from Hangard and Frankenholz 3/4 Shafts 
Further simulations were conducted allowing for simultaneous production of methane 
from Hangard and Frankenholz 3/4 shafts, Figure 6.34. The results indicated a steady 
decline in the average reservoir pressure from 0.77 to 0.69 MPa. The residual pressure 
found in the large part of the reservoir at the end of the simulation (year 2007) was at 
nearly atmospheric conditions, which is compatible with results presented during the 
Void-Resistance model validation at Peyerimhoff and Markham abandoned coal mines. 
Gas pressure distribution in Seam A, year 2 7 (MPa.) 
Gas pressure distribution in Seam 9/1 0, year 2007 (NIPa) 
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Figure 6.34 Residual gas pressure distribution in 2007. 
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6.5 Conclusion 
The knowledge and experience gained in the studying and improving the Void 
Resistance model in Chapter 4 and the 3D numerical validation work carried out using a 
full stratigraphic section for operating mines in Chapter 5 were used to review and 
address the limitations of the previous numerical modelling study carried out for the St. 
Barbara-Frankenholz abandoned coal mine complex by Durucan et al. (2004). In this 
early work, the areal model used a lumped equivalent of the whole stratigraphic section 
to model the abandoned mine reservoir, which may not always be realistic. It is believed 
that a true 3D representation of the strata sequence, the relevant permeability zones, and 
the full extent of the gas emission zone which characterises both the coal seams and the 
coal measures strata is essential for a successful assessment of the reservoir. 
Excellent history matching results were produced for the Hangard shaft gas production 
rates with a small deviation from the measured rates. Results obtained from the coal 
seam lumping study allow, if necessary, for a correction factor to be adapted. 
Different pressure zones were identified in the abandoned mine workings according to 
the degree of disturbance experienced. The identification of these areas can be useful in 
order to plan further extensions of the drainage system. The disturbed zones of an 
abandoned mine would have an associated permeability value that would range from 
10-15m2 to 10-10m2. Residual gas pressure in the most disturbed areas of the mine was 
found to be between 0.1 and 0.2MPa. The residual gas distributions produced with 
METSIM were found to be representative of the different levels of mining disturbance 
and interaction between the mined coal seams in Santa Barbara-Frankenholz abandoned 
mine complex. 
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Chapter 7 Model Application at the Bevercotes Abandoned Coal Mine 
7.1 Introduction 
Bevercotes colliery is situated in the county of Nottinghamshire. The East Midlands 
coalfield dips to the East and is concealed by the Triassic and Permian measures, all 
seams outcropping to the West. Workable reserves in Bevercotes mine were estimated 
to be about 70Mt. The coal seams generally dip to the North-East with an average 
gradient of approximately 1 in 20. 
Due to problems associated with faulting at the mine, the reserves at Bevercotes colliery 
were not extensively worked and only 10.4 Mt. of coal was extracted. Five coal seams 
were partially worked within an original mining footprint of 11,389,340m2. This, 
coupled with the fact that there were no connections between Bevercotes and any other 
colliery, presented an excellent opportunity to create a more accurate mine model and 
test the methodology developed. 
Based on reported experience (Tonks, 2006) on negligible groundwater rebound and its 
impact on gas recovery, particularly during the first decade after mine closure, the model 
simulations conducted in this research assumes that the abandoned workings at 
Bevercotes remained dry for the study period of 30 years. 
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Figure 7.1 Main coalfields in England and Wales (after Beatty et al, 2005). 
7.2 	Background and Mining History of Bevercotes Colliery 
Work at Bevercotes began in 1952 on the sinking of two 7.3 metre diameter shafts, 
down to the Threequarter seam horizon (approximately 869 metres deep), being 
completed in 1957. The downcast shaft was used for manriding and materials, whilst the 
upcast shaft was the coal winding shaft. 
Production at Bevercotes Colliery commenced from the Parkgate seam in 1961, but by 
December 1961 deterioration of the concrete lining in both shafts made it necessary to 
suspend production work until 1964 while the shafts are being repaired. In 1967, retreat 
longwall mining technique was adopted, however, due to inadequacies in design and 
construction, the system was not successful. Further modification of the production 
method enabled coal production until 1968 when, due to adverse geological conditions, 
mining operations were once again suspended until 1971. The Mine closure was 
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announced on April 1993 and on April 1994 both shafts were filled using limestone 
with clay plugs. Annual production figures for Bevercotes colliery are presented in 
Table 1. 
Table 7.1 Bevercotes Colliery production records. 
Year Coal production 
(tonnes) 
2,047 1958 
1959 420 
1960 359* 
1961 116,377 
1962 -- 
1963 — 
1963/4 — 
1964/5 654* 
1965/6 1,129 
1966/7 7,735 
1967/8 124,685 
1968/9 33,770 
1969/70 11,025 
1970/1 28,150 
1971/2 357,345 
1972/3 760,737 
1973/4 464,732 
1974/5 568,275 
Year Coal production (tonnes) 
1975/6 601,514 
1976/7 622,211 
1977/8 765,159 
1978/9 845,393 
1979/80 831,450 
1980/1 799,600 
1981/2 882,630 
1982/3 876,400 
1983/4 950,000 
1984/5 698,302 
1985/6 1,041,400 
1986/7 816,600 
1987/8 1,066,500 
1988/9 1,361,100 
1989/90 1,281,000 
1990/1 827,000 
1991/2 1,270,000 
Total 10.4 Mt 
* Output in these years came from underground roadway drivages. 
Table 7.2 Bevercotes Colliery coal seam strata section 
Seam Depth (m) Thickness (m) 
Blyth 393 0.45 
High Main 494 0.54 
Wales 523 0.61 
Clowne 579 0.64 
Main Bright 591 1.11 
Abdy 604 0.4 
High Hazles 643 0.47 
Kents Thick 652 1.03 
Top hard 702 2.1 
Low Waterloo 737 1.27 
2nd ElI 759 0.55 
Deep Soft 810 1.25 
Parkgate 857 1.64 
Low Main 887 0.16 
Threequarter 892 0.66 
Yard 902 0.13 
Blackshale 928 0.34 
Table 7.2 presents the main coal seams found in the stratigraphic column of Bevercotes 
Colliery. A total coal thickness of 15.49 metres for the 17 coal layers was estimated 
from the analysis of records available. The 17 seams are distributed in 535 metres of 
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strata. Eventually, only 5 seams were mined (see highlighted areas in Table 7.2). The 
worked seams, in descending order, are the Kents Thick Seam, the Top Hard Seam, the 
Low Waterloo Seam, the Deep Soft Seam and the Parkgate Scam. 
The Bevercotes shafts were sunk to below the Parkgate Seam. Following the 
development of the pit bottom, production from the seam commenced in 1961, but due 
to deterioration of the shafts and geological problems production was suspended until 
1965. By 1971 full production was achieved and production continued until 1987 when 
coal production from the Parkgate seam terminated. Parkgate workings were connected 
to the Deep Soft, Top Hard and Low Waterloo workings by drifts. Figures 7.2, 7.3 and 
7.4 presents the mining footprint of the 5 seams mined at Bevercotes Colliery. 
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Figure 7.2 Mined out areas in the Parkgate Seam at Bevercotes Colliery. 
The Top Hard Seam was developed by two drifts from the Parkgate Seam workings. 
Both drivages passed through and connected to the Low Waterloo Seam by an inseam 
roadway. Production commenced in August 1978 and continued until the closure of the 
colliery in March 1993. Together with the two drift connections there are two 
ventilation boreholes connecting Top Hard and Parkgate seams. 
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Figure 7.3 Mined out areas in the Kents Thick and Top Hard Seams at Bevercotes Colliery. 
Deep Soft seam was also developed by drifting up from the Parkgate seam. Production 
commenced in May 1986 and only four panels were worked before production ceased in 
March 1992. 
Figure 7.4 Mined out areas in the Low Waterloo and Deep Soft seams at Bevercotes Colliery. 
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Production in the Low Waterloo Seam commenced in March 1987, the average coal 
section of the seam is 1.27 metres. Only three panels were worked before production 
from the seam ceased in October 1992. The Low Waterloo Seam has an estimated 
worked out area of 664,717m2. 
The Kents Thick Seam was developed by drifting up from the Top Hard Seam 
workings. Production in the Kents Thick Seam commenced in August 1989 and only 
one panel was worked before the seam was abandoned in January 1992. The average 
coal section in the seam is 1.03 metres. The depth of the seam at Bevercotes shaft is 615 
metres. 
7.2.1 Methane drawdown tests at Bevercotes Colliery 
The total mine gas flow rate during the production test carried out at the abandoned 
Bevercotes Colliery presents a stable value of around 1,200m3/hr during the period from 
the 23rd of November to the 3'd of December in 2002, Figure 7.5. Taking into 
consideration that the methane concentration during this period varied slightly around 
80%, the pure methane production from Bevercotes was around 900 to 1,000m3/hr. 
Bevercotes DravolmAn Data 
Date/Time 
Figure 7.5 Bevercotes Colliery methane drawdown data (Alkane Energy records, 2006). 
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7.2.2 Water Flow Regime 
The Bevercotes Colliery was generally considered to be a dry mine with very little 
historical evidence of strata water inflows. However, minor incidences of water inflows 
were encountered when workings were affected by faulting. During maintenance periods 
a total of 0.891/s were pumped from the mine (0.36 1/s from the Top Hard workings and 
0.53 1/s from the bottom of Bevercotes shaft). Water pumping ceased after closure and 
prior to shaft filling in April 1993. 
Assuming that after the cessation of pumping this water will be building up in the 
abandoned mine workings Alkane Energy (2000) estimated that, at the flow rates 
measured during mine operations and maintenance, it would take 38 years to flood 10% 
of the void volume and this could be as long as 60 years if the clay seals are effective. 
7.3 	The Bevercotes Mine Reservoir Model 
In a similar way to the construction of Santa Barbara-Frankenholz mine reservoir model, 
the Bevercotes mine reservoir model was constructed assuming an influence zone of 
150m above and 50m below the mined seams using the methodology presented in 
Chapter 5 and validated in Chapter 6. 
7.3.1 In situ Gas Content and Sorption Isotherm Characterisation 
The coal seams of interest at Bevercotes Colliery are located between 300 to 900 metres 
depth. Adsorption Isotherms for the coal seams at Bevercotes Colliery were not 
available to the author. On the other hand, in-situ gas content values of 4.5m3/t for the 
Top Hard seam and 6.1 m3/t for the Blackshale seam at Bevercotes Colliery were quoted 
by Alkane Energy (Tonks, 2006). These values were used to represent the gas content 
of the seams in the reservoir model set up and relevant in situ gas pressures assigned. 
7.3.2 Model Domain 
Figure 7.6 presents a comparison between the original footprint of the mined our section 
in the Top Hard Seam and the representation of the mined areas in the reservoir model 
prepared. A total of 9,710 cells form the model domain. Depending on the degree of 
mining and mining influence in the neighbouring strata, 25 to 75% of these grip blocks 
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were used to represent enhanced permeability, allowing methane to be released and 
migrate towards areas of low pressure. 
N 
c. 
Figure 7.6 Original footprint of the mined our section in the Top Hard Seam and the relevant 
reservoir model domain used. 
As an example, in Figure 7.6 the red areas represent mined blocks in the Top Hard seam 
(702m) and caved areas in the Top Hard seam due to mining of the Low Waterloo Seam 
(737m). The yellow areas correspond to fractured strata due to mining of the Deep Soft 
seam (810m) and the blue cells correspond to the disturbed strata from mining of the 
Parkgate seam (857m), 155 metres below the Top Hard Seam. 
The black cells represent Bevercotes Shaft and the grey cells correspond to the roadways 
linking the workings and also the roadway from Bevercotes Shaft to the Parkgate Seam. 
An angle of draw of 30° was considered in the model to define the lateral extent of the 
disturbed seams above and below the mined areas. 
7.3.3 Model Description: Vertical Seam Structure of the Bevercotes Abandoned 
Mine Reservoir Model 
For the purposes of simulations, the Bevercotes Colliery was transformed into a 
simplified model which consisted of three coal seams with an aggregated total thickness 
equal to that of all the coal seams encountered in the 600 metres of coal measures strata 
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section modelled. The model domain was defined following the original mining 
footprint, as shown in Figure 7.6, using a grid of 100x100m cells. 
Vertically, the model consisted of 3 seams, Figure 7.7. The coal seams were lumped into 
three groups, the roof seams, the mined seams and the floor seams. Each of these groups 
of seams had a thickness equal to the aggregated thicknesses of the coal seams found in 
the relevant strata section. The permeability characterisation of the mined out and 
disturbed strata followed the methodology proposed for Santa Barbara-Frankenholz 
mine complex in Chapter 6. 
Total Coal Thickness Roof 
Emission Zone 4.32m 
Total Coal Thickness 
Mined Area 7.29m 
Coal Thickness Floor 
Emission Zone 1.29m 
Average distance between mined 
seam and roof seams 105m 
• 
Average distance between mined 
scam and floor seams 45m 
I 
Figure 7.7 Vertical Seam Structure of the Bevercotes Abandoned Mine Lumped Model 
Each coal seam and the non coal horizons in the model are defined by a permeability 
that reflects the level of mining and disturbance in the mine. Several runs were made 
using different disturbed sections and levels of disturbance within each lumped model in 
order to study the residual gas pressure distribution at each seam. 
7.3.4 Bevercotes Colliery as a Gas Reservoir 
The total pre-mining in-situ gas volume at Bevercotes was estimated by establishing a 
gas content gradient of 0.96m3/t per 100 metres from the measured gas content records 
for Top Hard and Blackshale seams. Using this data and the strata section available, the 
total in-situ gas volume at Bevercotes mine license was estimated as 4,000Mm3, which 
includes an estimated 1,000Mm3 of methane stored in the non-coal strata surrounding 
the coal seams. 
Of the 4,000Mm3 of methane in place at Bevercotes mine, around 40% is located within 
the emission zone of the mined out section. Assuming that 40% of all the grid blocks 
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representing the coal seams in the model are in the gas emission zone, it was estimated 
that around 1,600Mm3 of methane are the available within the emission zone of the 
Bevercotes mine model. 
During mining, the gas contribution from the roof seams in the model was from the 
seams above the Kents Thick seam within the emission zone. The total thickness of 
these source seams was 4.32 metres. An average in situ gas pressure of 1.5MPa and an 
approximate in situ gas content of 4.5m3/ton was selected for the lumped seam section 
representing these seams in the model. The permeability selected for this area was 
representative of the average permeability of the seams located in this zone. 
The mined seam horizon in the model was represented by the Kents Thick, Top Hard, 
Low Waterloo, 2nd Ell, Deepsoft and Parkgate seams. The aggregated thickness used to 
represent these seams in the mine model was 7.8 metres. An in situ gas pressure of 
1.6MPa, which yields an approximate in-situ gas content of 5.2m3/ton was assigned to 
the section representing the mined seams. 
Gas contribution from the floor was from four non-mined seams below the Parkgate 
horizon, namely the Low Main, Threequarter, Yard and Blackshale coal seams. The 
total thickness of these seams was 1.29 metres with an estimated average depth of 850 
metres. At this depth, a strata gas pressure of 1.8MPa, which yields an approximate in-
situ gas content of 6.5m3/ton, was assigned to the representative coal seam in the model. 
The distance between the mined seam section and the floor seam was defined using the 
average distance between each seam in the floor and the Parkgate seam. 
The grid blocks outside the gas emission zone were assigned a seam gas pressure of 
2MPa and these cells were defined as inactive cells in order not to affect the predictions. 
7.3.5 Bevercotes Abandoned Mine Reservoir Residual Gas Contents 
An estimation of the residual gas available in Bevercotes Colliery after closure had been 
previously reported to be around 385Mm3 (Coalgas, 2000). This figure did not account 
for the residual gas stored in the non-coal strata. A provision for the methane reserves in 
the non-coal strata would have increased the volume of gas in place estimations by a 
third to a total of 500 Mm3. 
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Given the low mining activity accounted for at Bevercotes Colliery, a specific gas 
emission value of 10 to 14 m3/ton coal produced were used to estimate the amount of 
gas lost during mining for simulation purposes. Taking into consideration that a total of 
10.5Mt were mined and using an average methane content of 6m3/t at 1.8MPa, an 
estimated 630Mm3 to 882Mm3 of methane has been lost during mining. This implies a 
residual gas content of 718Mm3 to 970Mm3 at Bevercotes abandoned mine reservoir. 
7.4 	Results and Discussion 
In order to match the cumulative gas emission estimates of 630Mm3 to 882Mm3 during 
mining the Bevercotes mine reservoir model was run over 30,000 days. Two cut-off 
times of 9,200 days and 17,000 days were selected as the pre-production periods to 
match the cumulative gas emissions during this period (Figure 7.8). 
	 0 
5000 	10000 	15000 	20000 
Time (days) 
Figure 7.8 Cumulative methane production results from the Bevercotes mine model. 
The simulations representing the mining period yielded the residual gas content and 
pressure distributions for the assumed lost gas volumes of 630Mm3 and 882Mm3 during 
mining respectively (Figures 7.9 and 7.10). Using the residual gas contents and the 
pressure distributions for the Year 2000, the abandoned mine model was run until 2025 
and the methane production rates estimated. The simulation results for the relevant cases 
from the Bevercotes abandoned mine reservoir are presented in Figures 7.11 and 7.12. 
The simulation results presented in Figures 7.11 and 7.12 indicate that the production 
rates calculated using the Bevercotes abandoned mine model are somehow 
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overestimated. This can be explained by the constrains of the model construction where 
the source and mined seams were represented as three separate but lumped coal seams 
and the large grid block sizes of 100mx100m used may have increased the size of the 
gas emission zone considerably. However, Figure 7.12 indicates that the methane 
production rate achieved at the start of extraction from the abandoned mine in 2000 is 
matched by the simulation results achieved using a lost gas volume of 822Mm3 during 
mining. Therefore, the assumed specific emission of 14 m3/ton coal produced and a lost 
gas volume of 822Mm3 during mining were judged to be more realistic for the mine. 
11 1.8-2 
1.6-1.8 
M 1.2-1.4 
1111-1.2 
D 0.6-0.8 
CD 0.4-0.6 
110.2-0.4 
D0-0.2 
Figure 7.9 Residual gas pressure at the lumped mined seam level in year 2000 (assumed lost 
gas volume during mining = 630Mm3). 
O 1 8-2 
• 1.6-1.8 
D 1.4-1.6 
M 1.2-1.4 
CI 1-1.2 
• 0.8-1 
O 0.6-0.8 
ID 0.4-0.6 
0 0.2-0.4 
❑ 0-0.2 
Figure 7.10 Residual gas pressure at the lumped mined seam level in year 2000 (assumed lost 
gas volume during mining = 882Mm3). 
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Figure 7.11 Abandoned mine ethane production rates for an assumed gas loss of 630Mm3 
during coal mining at Bevercotes. 
Figure 7.12 Abandoned mine ethane production rates for an assumed gas loss of 822Mm3 
during coal mining at Bevercotes. 
Figure 7.10 illustrates that at the start of the abandoned mine methane production, after 
mine closure, the mined out area and the zone affected by mining have pressures below 
0.8MPa. There are two low pressure zones in the model domain which are 
representative of the mined longwall panels in the Top Hard seam and the influence on 
Top Hard of coal extraction from the Kents Thick seam 50 metres above and Low 
Waterloo 35 metres below. 
The abandoned mine model simulations assumed a pre mining in situ gas pressure of 
1.6MPa for the model domain, which, at the time of abandonment, dropped to an 
average value of 0.6MPa (Figure 7.10) in the emission zone and after 20 years of gas 
extraction the same areas have shown an average residual gas pressure of 0.3MPa 
(Figure 7.13). 
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Figure 7.13 Residual gas pressure at the lumped mined seam level in year 2020, after 20 years 
of abandoned mine methane extraction (assumed lost gas volume during mining = 
882Mm3) 
7.5 Conclusions 
The Bevercotes abandoned mine model validated the methodology developed 
throughout the thesis which benefited extensive abandoned mine methane production 
data obtained for the Santa Barbara-Frankenholz abandoned mine complex. The 
methane flow rates predicted for Bevercotes were in agreement with those obtained 
from a drawdown test conducted in 2002. The size of the emission zone included in the 
model is expected to be larger than the actual extension of the emission zone due to the 
large grid blocks used in the current model. Future models will benefit from smaller size 
grid blocks to define the lateral extent of the emission zone in the abandoned mine 
model. 
The residual gas pressure distributions shown in Figures 7.10 and 7.13 show the 
evolution of the residual gas pressures in the reservoir at different times of the reservoir 
life cycle, after the mine closure and after 20 years of gas production respectively. 
Assuming that the water table recovery is kept to a minimum by effective sealing the 
average methane production estimated for the Bevercotes abandoned mine will be 
7Mm3/year during the period 2000 to 2020. 
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Chapter 8 	 Conclusions 
8.1 Introduction 
This research was primarily concerned with improving the understanding of the 
processes that control methane release and flow in abandoned coal mine workings in 
order to develop and implement a prediction model for methane production from these 
mines using numerical tools. Several analytical and numerical models were reviewed 
and a four pronged approach was adopted: 
To study and further develop the abandoned mine void-resistance 
methodology in order to understand the gas flow and pressure mechanisms 
governing abandoned mines methane production. 
To ascertain the capability of coalbed methane reservoir models used by 
comparing their findings with the results of long established degree of gas 
emission models used for working longwall faces. 
- To establish the extent and permeability characteristics of the gas emission 
zone in abandoned coal mines. 
- To develop and validate a 3-D numerical model for methane production from 
abandoned coal mines. 
This chapter summaries the main conclusions of the research carried out by the author. 
The recommendations for future research in the area of abandoned mine methane 
prediction using numerical tools, based on the permeability characterisation of the 
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emission zone representative of post-mining conditions, are also discussed in the 
following section. 
8.2 	Main Research Findings 
At the start of this research, it was considered that the lack of understanding of the 
processes influencing methane flow rates in abandoned coal mines constituted a gap in 
knowledge in the field of unconventional gas reservoir engineering. 
Previously, no reference to the extent of emission zone and residual gas distribution in 
abandoned coal mines has been made in the literature. The author has shown that a 
comprehensive study of coal mine strata mechanics during and after mining would 
provide the understanding needed for predicting the amount of methane flow in 
abandoned coal mines. 
The thesis describes the research undertaken to establish an understanding of the release 
and flow behaviour of methane in abandoned coal mines. The effect of mining and 
abandonment on coal seam and coal measures strata permeability was established and 
used in characterising an abandoned mine as a gas reservoir. 
Void-Resistance model 
An improved void resistance model developed in this research led to the creation of a 
novel mathematical methodology to assess the underground pressure, residual mine void 
and flow conditions in abandoned gas reservoirs from extraction records. This 
methodology was validated at the Peyerimhoff abandoned mine in France, and 
Markham and Monk Bretton abandoned mines in the UK. 
i) The results have shown that there is enough methane in the broken coal to 
desorb rapidly according to pressure variations without invoking rate 
limitations due to diffusion processes. 
ii) The residual gas pressure was found to be at nearly barometric conditions in 
two of the three reservoirs studied. This explains the widely accepted and 
recorded effect that the barometric oscillations have on the rate of fugitive 
emissions from abandoned coal mines. 
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The limitations of the analytical void-resistance formulation implied that it was not 
possible to explore further the underground conditions of the reservoir, such as 
distribution of residual gas content, estimation of gas reserves and prediction of gas 
extraction capabilities of abandoned coal mines. 
Longwall panel methane flow simulations 
In order to examine the flow of methane from source seams around a longwall panel 
into the waste area under the stress and pressure conditions prevailing at operating 
longwall faces a 3-D model of a mined longwall panel was constructed using METSIM, 
an in-house CBM simulator. The main objective of this work was to ascertain that 
METSIM can confidently be used to simulate methane flow in to abandoned mines, 
after being validated against well established degree of gas emission methods which is 
only valid for operating mines. A summary of the conclusions reached is provided 
below: 
i) The cumulative methane emission rates obtained using METSIM have 
yielded a hyperbolic shape decline curve matching previous field 
measurements of gas emission at longwall panels. 
ii) It was found that, in most cases, methane will flow primarily from the caved 
and highly fractured strata surrounding the longwall face, at nearly 
atmospheric pressure conditions. Methane flow from the caved zone 
responds to mining activity rapidly, within a short period of time. However, 
emissions originating from areas further away from the longwall horizon 
react with some delay but are longer lasting. 
iii) Residual gas distributions established around mined longwall panels were 
found to be in agreement with the results obtained by the empirical 
degasification curves used by the coal mining industry in the UK. 
The knowledge and experience gained from the implementation of METSIM for gas 
emission prediction around operating longwall faces were used to construct an 
abandoned mine reservoir model by defining the interactive effects of enhanced 
permeability emission zones based on different stages and levels of mining. This model 
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was validated at the Santa Barbara-Frankenholz abandoned mine complex in Germany 
and later applied to the Bevercotes abandoned mine in the UK. 
Abandoned mines methane production case studies 
The methodology defined to estimate the strata permeability around longwall panels in 
abandoned mines provided the foundation for the development of a new gas emission 
zone model incorporating the effect of multi seam mining in an abandoned coal mine 
site. A physical model of the Santa Barbara-Frankenholz and Bevercotes abandoned 
coal mines were constructed by defining four levels of strata permeability based on the 
degree of disturbance caused around longwall panels during mining and after face 
abandonment. 
The cumulative gas production through methane drainage and ventilation before the 
closure of the test mines was used to calibrate the permeability and residual gas pressure 
in the abandoned mine models. Abandoned mine methane production simulations have 
shown that: 
i) The 3-D numerical simulation methodology developed has been successful 
in terms of identifying and characterising the factors that shape the 
abandoned coal mines as gas reservoirs creating an accurate permeability 
distribution within the physical model. 
ii) The gas pressure and methane flow rates obtained using a coalbed methane 
numerical simulator and the newly developed abandoned mine reservoir 
model were reliable and compatible with the long-term production data 
recorded at the Santa Barbara-Frankenholz abandoned mine complex. 
iii) The methodology developed using the data from the Santa Barbara-
Frankenholz abandoned mine complex was employed at Bevercotes 
abandoned mine for model validation purposes. The Bevercotes abandoned 
mine model predicted methane flow rates which were in agreement with the 
measured methane flow rates during initial work carried out by Alkane 
Energy. 
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8.2 	Future Work 
In this study, a full scale abandoned mine model was constructed assuming 
homogeneous and isotropic strata and flow properties at each of the four stress and 
permeability zones defined. This gave satisfactory results using a 3-D reservoir model, 
however, further improvements can be achieved by implementing anisotropic 
permeability distribution within the same emission zones. 
Reservoir porosity, saturation and gas content of the non-coal strata in the model were 
assigned as being constant and assumed to be representative, however, the 
characterisation of the non-coal strata requires a more realistic approach and may benefit 
the model further. 
The current research did not investigate the effects of water table recovery and coal 
seam inclination on total gas production thoroughly. Future work may benefit from 
considering these factors and provide further improvements towards the characterisation 
of the gas emission zone in an abandoned mine. 
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Appendix A 
METSIM: Imperial College 
Appendix A 	In-House Coalbed Methane 
Simulator 
In METSIM, the desorption of gas from the pore surface area with reduction in the 
reservoir pressure has been implemented by deriving a coefficient using the Langmuir 
isotherms and modifying the storage term. The desorption rate is defined as: 
dV. 
Qd =s i 
dt 
where 
dVi 	1 
dt 
=— T
Q 
[vi 
and 
V 
VE =LPg  
PL Pg 
The linearisation of the above equation leads to the following expression: 
dV. 
S 	= (QDK )15Pg QDRK 
dt 
where, 
QDK 	[1— exp (— 
At
)1 VE [ 	 
2 At 	 (PL + Pg ) Pg 
A.1 
A.2 
A.3 
A.4 
A.5 
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where, 
= volume of gas adsorbed per unit mass of coal 
VE = volume of gas adsorbed per unit mass of coal in equilibrium at pressure Pg 
VL ,= Langmuir Volume 
PL = Langmuir Pressure 
TQ = Diffusion coefficient 
s 	= Scaling factor 
k, = Iteration counter 
n 	= Time step counter 
t 	= Time 
The flow equations were derived using the Law of Conservation of Mass and Darcy's 
Law and the developments mentioned above were incorporated. The matrix flow 
equations for the gas and water phases in full form are: 
V[Tg WI) 1+ V[T„„, Rsgw„, VcI 	+ Qrg„, Qdm = —a [ On, ( g”' 	 + R 	)]+ 	A.6 
g , 	 wn, 
S„ 
Vc1)„,,, ] + V[Tg,,, R,„gm V(1) 	QT„
" 
 =— a [0„, 	Rs,vg„, " )]+ „,„„ 	A.7 
w„, 	 gm 
In the above equations, T is transmissibility, 1 is potential, S is saturation, (I) is porosity, 
f is formation volume factor, QT is the total flow rate of a given phase and subscript m 
denotes the matrix, g is the gas phase and w is the water phase. Rs is a phase solubility 
ratio and is determined using PVT relations; the desorption rate is handled by Qd as 
described above; and Qx is a term necessary in a dual medium model to allow for the 
exchange of flow between the matrix and the fracture. The equations are linearised 
using the Newton-Raphson approximation and discretised by applying a finite difference 
scheme. The resulting sets of linear equations are solved using a conjugate gradient 
based iterative solver. 
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Pressure function during 
Appendix B 	constant gas extraction in leaky 
reservoirs 
All of the equations to be solved are a particular case of the following equation 
dp p 
dt = —V LA(P3 - P)± B(P0 - 19) -  qi 
which can be re-written in the following form 
dp(Aps + Bpo —q 	2 ( A+ B) 
—dt = P 	 P V 	 V ) 
Equation B.2 is a non-linear differential equation. This equation is of Bernoulli of the 
type 
y' + ay = by" 	 B.3 
This type of equation can be solved via a substitution, z= yi-n, for this particular case z = 
- y 1. The new equation satisfied by the new variable z is 
z' + (1 — n)az = (1 — n)b 	 B.4 
Using the new variable z, Equation B.2 can be re-written as 
z,+ 
  (Ap
s 
 + Bp 0 — q)
z =
(  A + B) 
V 	 V 
B.1 
B.2 
B.5 
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The general solution to Equation B.4 is given by 
+ B)  jp(x)dx + c 
z =B.6 
V 	,ti(x)  
where 
p(x) exp (Aps + Bp — qjdx 
B.7 
V 
Therefore, in our particular case, the 
(AI?, + Bpo —q  )x 
p = e 	V B.8 
Renaming 
Equation B.6 is transformed 
z— 
Solving Equation B.10 
And reintroducing the original 
(A+ 
+ BP o (Ap3  = a 
+ c 
B.9 
B.10 
B.11 
B.12 
into 
B) 
V 
le" dx 
z = 
1 
p 
V 	eat 
A+B 	eat +c 
Ap + Bp — q 	eat  
variables from the Void-Resistance model 
A + B + ce-at  
Aps + Bpo — q 
Given the initial conditions p = pi when t = ti, 
c = 24(13, — Pi+ 	 — pr)— q  
P (AP BP° — q) 
B.13 
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Equation B.12 is transformed 
1 	(A 
into 
Ap,-Bp0 -11 	ti) 
Pi)— q + B)p. ie 	 ± 	Pi)- -8(Po — 
p  
Rewriting B.14 
p i (Ap 
Ap,-Bpo-q B.14 
B.15 
APS + 
(t 	r) 
+ Bp — q)e 
Bp 0 — g 
A+ B P = 
1+ 
P , 	 —  Ap — Bpo 	g 
t i )) 
Aps + Bpo — g) 
A+ B 
e (t 
P, 	 V 
Defining parameters ps" and T expression as 
„ 	Aps + Bpo —q 
PS =  A + B 
B.16 
r = 	V 	 13.17 
r 	(A+ B)p", 
Equation B.15, which represents the pressure function of the abandoned mine 
atmosphere during constant gas extraction, can be rewritten as 
P = 
P 
1+ Ps  —Pi exp( t ti  
Pi 	T 
B.18 
  
  
Equation B.1 can be particularised for a recharge period by consideration a null 
production term (q=0). The steps to solve this particular case are the same as the ones 
detailed in Appendix B. 
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Pressure function during 
Appendix C 	recharge periods in leaky 
reservoirs 
For the particular case of non-production in leaky reservoirs, equation B.1 takes the 
following form: 
dp 	p r 
dt 
= —
V
V(p
s
— p)+ B(P0 -1))] 
	
CA 
Which can be expressed as 
(11-2- = p(Aps 
dt 
p2 ( A + B C.2 + BAD) 
V V 
Following the same procedure as in Appendix B, Equation C.2 can now be rewritten as 
z , ± (Ap 
=
( A + 13) 
C.3 
+ Bp o j z 
V V 	) 
The general solution to equation C.3 is given by 
PS  
P— 	
t — t 
1+ Ps  —Pi exp 	 
P1 R 
Where the model parameters Ps' and Tr are expressed by the following relationship 
,Aps  +BPo  
PS = A+ B 
and 
V 
R = ( A+ B)p: 
C.4 
C.5 
C.6 
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